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SUMMARY
One of the fundamental properties of bulk metals is the cancellation of electric
fields. The free charges inside of a metal will move until they find an arrangement where
the internal electric field is zero. This implies that the electric dipole moment of a metal
particle should be exactly zero, because an electric dipole moment requires a net separation
of charge and thus a nonzero internal electric field.
This thesis is an experimental study to see if this property continues to hold for tiny sub-
nanometer metal particles called clusters (2 - 200 atom, R < 1 nm). We have measured the
electric dipole moments of metal clusters made from 15 pure elements using a molecular
beam electric deflection technique. We find that the observed dipole moments vary a great
deal across the periodic table. Alkali metals have zero dipole moments, while transition
metals and lanthanides all have dipole moments which are highly size dependent. In most
cases, the measured dipole moments are independent of temperature (T = 20 - 50 K), and
when there is a strong temperature dependence this suggests that there is a new state of
matter present. Our interpretation of these results are that those clusters which have a non-
zero dipole moment are non-metallic, in the sense that their electrons must be localized
and prevented from moving to screen the internal field associated with a permanent dipole
moment.
This interpretation gives insight to several related phenomena and applications. We
briefly discuss an example cluster system RhN where the measured electric dipole moments
appear to be correlated with a the N2O reactivity.
Finally, we discuss a series of magnetic deflection experiments on lanthanide clusters
(Pr, Ho, Tb, and Tm). The magnetic response of these clusters is very complex and highly
sensitive to size and temperature. We find that PrN (which is non-magnetic in the bulk)
xvii
becomes magnetic in clusters and TmN clusters have magnetic moments lower than the
atomic value as well as the bulk saturation value implying that the magnetic order in the
cluster involves non-collinear or antiferromagnetic order. HoN and TbN show very similar




One of the fundamental properties of bulk metals is the cancellation of electric fields. The
free charges inside of a metal will move until they find an arrangement where the internal
electric field is zero. This implies that the electric dipole moment of a metal particle should
be exactly zero, because an electric dipole moment requires a net separation of charge and
thus a nonzero internal electric field. Is there a lower size limit, below which this property
no longer holds? This thesis is an experimental study to see if this property continues to
hold for tiny sub-nanometer metal particles called clusters (2 - 200 atom, R < 1 nm)
1.1 Overview of Cluster Physics
A fundamental theme of metal cluster research [39] is the emergence of bulk properties as
a material is constructed one atom at a time. This line of research has provided valuable
insights into the emergence of bulk and surface properties such as the work function [132,
76, 140, 160], optical plasma resonances [143, 142, 165, 42, 99], electronic band structure
[100, 98, 163, 148, 30, 104, 7], and ferromagnetism [12, 13, 89, 36] to name a few of many
examples.
Molecular beam experiments on free metal clusters allow the physical properties of
clusters to be studied in an environment free of interactions, and mass spectroscopy enables
the physical properties to be studied as an explicit function of the number of atoms.
These experimental investigations have found that clusters also have many properties
which cannot be simply extrapolated from bulk or surface properties. Many of these effects
such as the shell structure (first identified in alkali clusters [92, 120]) involve an interac-
tion between the confinement quantization of the electronic states [94] and the degeneracy
due to the near spheroidal symmetry of the clusters. These shell filling effects have been
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observed in other elements and provide an elegant condensed matter manifestation of a
phenomenon familiar from atomic and nuclear physics.
Another complementary approach to cluster physics emphasizes the strong size depen-
dence and structural properties of clusters. This line of research typically involves a close
comparison between quantum chemical calculations and experiment [70, 84, 63, 54, 62,
52, 173, 69, 131, 117, 116, 166, 156, 157]. Much of this work is motivated by the potential
for applications of size-selected metal clusters to catalysis or magnetic storage.
1.2 Cluster Metallicity
1.2.1 The Bulk Metallic State
We will quickly review the properties of bulk metals and review some simple models used
to account for their properties in the quantum theory of solids. Most of this material is
taken from textbooks and reviews on the topic [6].
Metals have high electrical conductivity ( 107 S/m for Au), high thermal conductivity,
are highly reflective in the infrared and visible regions of the spectrum, and are mostly
paramagnetic (with the exception of Fe, Co, and Ni). The strength of their bonding and
binding energies varies a great deal. Sodium metal can be cut with a kitchen knife and
melts at 370 K, while tungsten can remain solid up to temperatures of 3695 K, second only
to carbon among the pure elements. Thus, the melting points of metals can vary by a factor
of 10!
Many of these physical properties can be explained qualitatively by a model which de-
scribes a metal as a gas of delocalized electrons moving freely in a crystal lattice. Because
the density of the valence electrons is very large, it is necessary to account for the effects
of the Pauli exclusion principle and Fermi-Dirac statistics. In this model the free electron
states are filled one-by-one up to an energy EF called the Fermi energy. The electronic
properties (e.g. electrical and thermal conductivity, paramagnetism) are dominated by the
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contribution of the electronic states near EF , because unoccupied electronic states are ac-
cessible to the these electrons with thermal energies.
The structure and symmetry of the ionic lattice plays also has an essential role by
scattering the electrons. Destructive interference from this scattering opens gaps in the
electronic dispersion (k vs. E), and scattering from lattice vibrations is one of the major
contributions to the electrical resistivity.
The free electron picture described above is most effective for metals whose valence
electrons are strongly delocalized, such as alkali and noble metals (Cu, Ag, and Au). Many
of the valence electrons in transition metals are derived from d orbitals, and they show
evidence of partial localization. The wavefunctions for these states can be better described
as a linear combination of the atomic orbitals which are localized on individual lattice
sites. This point of view (which also applies to non-metals) has been elegantly described
by Hoffmann [74], and is of great utility in the study of surfaces. In this picture the bands
of electronic states come from the splitting of overlapping atomic orbitals. The bandwidth
of a band increases with the overlap, and thus strongly delocalized electrons are associated
with very broad electronic bands, while localized electronic states inhabit crowded narrow
peaks in the density of states.
In the band theory, the essential difference between a metal and an insulator is deter-
mined by electron counting. A crystal with a partially filled electronic band has unoccupied
electronic states infinitesimally close to EF and so these electrons are free to move in re-
sponse to voltage and thermal gradients. This picture fails in some cases because the band
theory doesn’t account for the mutual interaction of electrons[113], or instabilities of the
crystal lattice to distortions which can open gaps at EF .
In classical electromagnetism a metal is defined to be a region of space where the elec-
tric field is zero (E = 0). What is the motivation behind this definition?
If we assume that a material is electrically neutral overall but consists of a equal num-
bers of positive and negative charges that are free to move throughout the volume, then we
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can write an equation of motion for the charges using Maxwell’s equations
∇ · E = ρ/ε0 (1.1)




Now if we use the constitutive relation j = σE (Ohm’s law which relates the current to
the electric field then we find that
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Thus the charge density approaches zero exponentially with a time constant equal to
σ/ε0. How rapid is this decay? For typical values of σ and ε the excess charge will decay
with in femtoseconds .
1.2.2 What Definition of Metal is Appropriate for a Cluster?
The properties discussed in the previous section which were most strongly associated with
bulk metallicity - the delocalization, the electrical and thermal conductivity, the optical
reflectance, the specific heat. Not all of these can be practically measured for a free cluster
in a beam, so there is a need for a simple experimental test for metallic behavior. The
distinction is not just of idle interest. There is some evidence (see chapter 4) that the metal
non-metal distinction carries real implications for the chemical activity of metal clusters
[95].
We give several examples of different experimental attempts to characterize the metallic
state of finite cluster systems. The experimental record is definitely mixed. We first discuss
attempts to define cluster metallicity based on band gaps determined from photoelectron
spectroscopy. Then we discuss tests for metallicity based on the screening property of
metals.
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1.2.3 Cluster Metallicity from Band Gaps
The Fermi energy EF depends only on the density of valence electrons. It is thus an inten-
sive physical quantity that is independent of the size of a metal cluster. Since the electron
density of metal clusters is very close to that of bulk materials, the Fermi energy should be
the same. If there are only N valence electrons, this implies that the average energy gap
between the single electron energy levels should scale as EF/N or EF/R3. If the electronic
levels are uniformly distributed between 0 and EF then every electronic level will have a
gap of this size to its neighbors.
Thus every cluster should be considered an insulator, because every cluster should have
a finite energy-gap at EF , due to the discreteness of the electronic energy levels.
Von Issendorff and Cheshnovsky proposed [153] that a cluster should be considered
a metal if the experimentally measured energy gap at EF is less than the Kubo gap [94],
and an insulator if the gap is larger. They measure the gaps using anion photoelectron
spectroscopy, which is a direct probe of the density of states and thus the band gap. The
choice of the Kubo gap is simple, but beyond this there isn’t much motivation for it. The
pattern in the data is very clear for the case of mercury clusters, but the metal / nonmetal
distinction is not clear for the other cases. Other groups have studied metals with similar
results[148].
Band gaps are an apparently attractive criteria for metallicity because of the clear con-
nection with bulk metallicity. They are also practical to measure experimentally using
anion photoelectron spectroscopy. The review article [153] summarizes the evidence gath-
ered over many years of experimental work on cluster systems made of a variety of different
elements. For most elements the band gap oscillations above and below the Kubo gap with
size and there is no clear size where a metal to insulator transition takes place.
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Figure 1.1: Experimentally measured band gaps from anion photoelectron spectroscopy
for Cu, Na, Zn, Al, and Hg. From von Issendorff and Cheshnovsky [153]. The measured
gaps are compared with the Kubo band gap. Materials where the band gap is larger than
the Kubo gap are considered to be insulators and those with a smaller gap are considered
metallic. With the exception of Hg there are no smooth trends and metallicity, by this
definition, is size dependent.
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1.2.4 Cluster Metallicity from Screening
Defining metallicity by the size of gaps in the spectrum doesn’t seem to give a clear picture
of the emergence of the metallic state. (with the exception of Hg) The plot in the previous
section shows that the experimentally measured band gaps are highly size dependent and
they oscillate around the Kubo gap.
An alternative to band-gaps and anion photoelectron spectroscopy is to define a metal
as a sample of matter which screens electric fields so that E = 0 everywhere in its inte-
rior. There have been several proposed ideas to test cluster metallicity by experimentally
measuring the screening as a function of cluster size. It is interesting to see if they give
consistent answers.
1.2.5 Dipole Moments and Internal Fields
How can we test to determine if the internal electric field is zero? A nonzero internal elec-
tric field implies a separation of charge and therefore an electric dipole moment. An electric
dipole moment can be measured in a molecular beam deflection experiment described be-
low.
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Figure 1.2: Relationship between the dipole moment of the charge contained in the region
of space and the internal electric field at the center of the region
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1.2.6 Core-Hole Screening vs. Dipole Measurements
The first test for metallicity is based on the screening of a core-hole [144]. A high energy
20 eV photon is directed at a beam of size selected Pb cluster anions. The 20 eV photon
neutralizes the Pb cluster by removing a 5d electron. The 5d electron is localized on one
atomic site, so the delocalized 6s valence electrons will quickly move to screen the local-
ized charge. If the core hole is perfectly screened then the kinetic energy distribution of the
emitted photoelectrons should reflect the work done against the image charge to remove
them from the cluster (which is modeled as a metal sphere) E = −12
e2
R
The experimental result is shown in Figure 1.3. The photoelectrons show serious diver-
gences from the prediction of the metal sphere model for sizes smaller than N = 20. Which
suggests that sizes larger than this are able to effectively screen the core-hole and thus are
metallic.
The second test for metallicity is the measurement of the electric dipole moment in an
electric deflection experiment due to Schäfer et. al. [134]. The results of the measure
(plotted as dipole moment per atom are shown in Figure 1.3. Pb clusters show electric
dipole moments on the order of 0.01 D / atom, up to sizes as large as N = 40 and there
is little sign that the dipole moments are converging to zero as would be expected for a
metallic sphere.
Which criteria more accurately captures the essence of a metal? Both the electron
affinity (of an unscreened core hole) and the electric dipole moment can have implications
for cluster chemistry. The apparent contradiction between these two experimental results
will be interesting to resolve!
1.3 Background on Molecular Beam Cluster Experiments
Much of the detailed knowledge we have about the behavior of atoms and molecules is
derived from molecular beam experiments, like the two described above. While the appa-
ratus looks sophisticated and has evolved over 100 years, at the core a molecular beam is
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nothing more than a controlled leak into a vacuum system.
The laboratory of Otto Stern was the first to use the molecular beam method to measure
the distribution of speeds followed by gas molecules. This experimental work confirmed
the correctness of the theory of Maxwell and Boltzmann.
Next the method was famously used by Stern and Gerlach to demonstrate “space quan-
tization”. They showed that a beam of silver atoms projected through an inhomogeneous
magnetic field deflected into two discrete directions rather than the continuous distribution
of deflections which was predicted from the classical theory of the atom. This experiment
was historically significant as it was the first proof of the quantization of angular momen-
tum.
Another milestone was the laboratory of I.I. Rabi at Columbia university in the 1920’s
who demonstrated the molecular beam magnetic resonance method. Rabi and his col-
leagues were able to use magnetic fields oscillating at radio-frequencies to excite transitions
between the discrete states demonstrated in Stern and Gerlach’s laboratory. This method
was refined and used to make precise measurements of nuclear magnetic moments.
Lamb and Retherford used an experimental setup very similar to Rabi’s, combined with
an electron bombardment source to measure the fine structure of the Hydrogen atom. This
demonstration that the g-factor of the electron was slightly less than 2, was very significant
for theoretical and particle physics.
Ramsey improved the resolution of Rabi’s method by introducing the separated os-
cillating field method, this enabled high precision measurements of the nuclear magnetic
moments and was until recently the foundation of the cesium atomic clock.
In the present molecular beams continue to be of importance for reactive scattering
experiments and there has been remarkable recent progress in the slowing and trapping of
neutral polar molecules.
The experimental techniques that apply molecular beams to the study of metal clusters
are discussed in the next chapter.
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(a) Kinetic energy of photoelectrons emitted
from core levels of Pb anion clusters. From an
experiment with 200 eV laser FLASH. [144]
(b) Electric dipole moments of Pb clusters
measured from an electric deflection experi-
ment of Schäfer et. al. [134]
Figure 1.3: Comparison between two alternative measures of cluster metallicity based on
screening. The first graph shows the result of an experiment to measure the efficiency of
core hole screening. A 200 eV free-electron-laser removes a 5d core electron from a lead
anion cluster. The detached cluster is neutralized and if the cluster is metallic then the
valence electrons should efficiently screen the core hole. The screening of the core hole is
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Figure 1.4: Schematic illustrating the elements of a molecular beam deflection experiment.
The clusters are produced by laser ablation in a cryogenically cooled cluster source. The
cluster leave the source in a gas-expansion into a vacuum and are extracted by a skimmer.
Synchronization with mechanical chopper allows measurement of the beam’s velocity. The
beam passes through the plates of an electric deflector or Stern-Gerlach magnet and the
clusters are deflected. The clusters are ionized by a UV laser pulse from an excimer laser,
and are separated by mass in a time-of-flight mass spectrometer. The sensitivity of the mass





In this chapter, we discuss the details of the experimental methods used to measure the
electric and magnetic dipole moments of metal clusters. It is important to understand how
the clusters are produced by laser vaporization, and why we believe that the clusters are in
thermal equilibrium with the source. These points are crucial for the correct interpretation
of the experiments.
2.1 Molecular Beam Machine
An illustration of the cluster beam machine is shown in Figures 2.1, and 2.2. Compared
with the simple schematic of the molecular beam experiment shown in the first chapter
(Figure 1.4) we see that a lot of extra equipment is required to for a molecular beam ex-
periment. During an experiment the pressure in the cluster source chamber is maintained
at 10−3 Torr, the pressure in the electric and magnetic deflection chambers is 10−6 Torr,
and the pressure in the TOF mass spectrometer is 10−9 Torr. Maintaining this pressure
difference against the constant pulsed flux of He gas from the beam requires many stages
of differential pumping. The cluster chamber itself is pumped by a 140 L/s dual stage roots
pump. The rest of the chambers are differentially pumped by 500 L/s turbo pumps. After
including the oil-sealed vane pumps which provide backing vacuum for the turbo pumps
the apparatus contains 9 vacuum pumps.
2.1.1 Cluster Source
2.1.1.1 Background on Growth of Clusters
Metals in thermal equilibrium at room temperature will be in the solid state. Thus metal
clusters have a strong tendency to aggregate. In order to isolate and study metal clusters
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Figure 2.2: Profile view of the cluster beam
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the process of growth and aggregation must be interrupted and the clusters must be isolated
and passivated before the growth of the bulk material is complete.
Growth of metal clusters takes place at the boundary of the transition between the vapor
phase and the condensed phase (solid or liquid). If the partial pressure of metal vapor
exceeds the saturation vapor pressure then the metal vapor will condense into the solid
or liquid bulk phases. This condensation takes place through a non-equilibrium process of
nucleation and aggregation which can described by a variety of kinetic models with varying
levels of realism [145]. This nucleation process is generic and it also occurs in the growth
of clouds [8], surface monolayers, and magnetic domains [9]. (see ref. [145] for a modern
treatment)
Every cluster growth method has the following ingredients:
1. Production of a supercritical vapor of monomers
2. Nucleation and growth of clusters
3. Isolation of growing clusters
Alkali metals and some other materials (e.g. Bi) have low melting points (370 K for
Na) and a significant vapor pressure can be produced by heating a sample of alkali metal
with a resistive tungsten filament. It is impractical (but not impossible) to produce clusters
of harder transition metals in this way because it is very difficult to design a crucible which
can contain the material when it is heated to the 3000 K temperatures needed for cluster
growth. For these materials, it is preferable to produce the metal vapor by other methods
which quickly deposit a large amount of energy onto the target material - either sputtering of
vapor by collision with an energetic beam of charged particles, vaporization of monomers
in an arc discharge, or intense local heating with a short laser pulse.
The metal vapor produced by these methods is so hot that many of the atoms are dou-
bly or triply ionized. This metal plasma must be cooled to enable the growth of clusters.
This cooling can be accomplished by quenching the metal plasma in an inert buffer gas
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(He or Ar). The collisions of the metal vapor and growing clusters with the buffer gas
atoms removes the heat of condensation from the cluster and thus inhibits re-evaporation
of monomers.
2.1.1.2 Laser Vaporization Source
In our experiments, metal clusters are produced by the laser vaporization method. This
method was pioneered by [43, 18]. Milani and de Heer [109] improved this source in
several ways, and our implementation of the source is illustrated in Figure 2.3.
The principle of a laser vaporization source is simple: A small target of metal is ablated
by a 10 ns pulse from a doubled Nd:YAG laser (532 nm, 30 mJ / pulse). The hot metal
plasma expands into a flow of cryogenically cooled He gas, and the metal condenses into
clusters. The He / cluster mixture expands through a nozzle into a vacuum, and a beam
is extracted from the centerline of the expansion by multiple stages of skimming and dif-
ferential pumping. The source temperature (15 - 60 K) determines the population of the
energy levels of the clusters in the beam. Once a cluster leaves the source it is isolated from
any heat bath and thus each individual cluster is a microcanonical ensemble with fixed total
energy and angular momentum.
The clusters dwell in the source chamber for a time on the order of 1-3 ms. During this
dwell time the clusters experience millions of collisions with the He buffer gas and come
to thermal equilibrium with it. The expansion of the cluster/gas mixture into the vacuum
can also cool the clusters even further. It is known from experiments with molecular beams
formed in supersonic jets, that the cooling from expansion is more effective for rotations
and translations that it is for vibrations. This is mostly due to the fact that a cluster has only
3 rotational degrees of freedom while there are 3N vibrational normal modes. The diameter
of the nozzle is 1-2 mm, and the backing pressure of He is 3 bar at room temperature.
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Figure 2.4: View of the cluster source attached to the cryocooler
To cool the cluster source to temperatures as low as 10 K, a closed cycle cryocooler
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is used. The principle of refrigeration is similar to the well-known Sterling cycle, and the
design is derived from the work of Gifford and McMahon[56]. High pressure helium gas
is supplied to a cold head by a compressor, the gas does work against and displacer and
absorbs heat from the cluster source.
The cryocooler is able to provide 30 W of cooling power at 40 K, and around 1 W of
cooling power at 4.2 K. The lowest temperature is limited by the different heat loads onto
the source. The main contributions include conduction by the gas, and radiation with the
surfaces of the vacuum chamber which is at room temperature. Both of these heat loads
can be reduced by enclosing most of the source at a vacuum pressure of 10−6 Torr. The
radiative heat load is reduced by making use of polished brass and copper surfaces which
have low emissivity in the infrared.
The remaining heat load comes from the buffer gas for the beam itself, which is deliv-
ered to the reservoir at room temperature in a train of 0.5-1 ms pulses at 20 Hz.
2.1.1.4 Pulsed Valves and He Reservoir
While the cluster source must be cooled to a temperature of 20 K to produce clusters at this
temperature, this is not sufficient, because the buffer gas in which the clusters grow and
must also be cooled to this temperature. If the He buffer gas was admitted directly to the
source chamber it would be in thermal contact with the 20 K source walls for around 1-2
ms before flowing out through the nozzle. This is not enough time for this volume of He
gas to cool from room temperature to 20 K. In order to ensure that the buffer gas is at the
source temperature the He gas is first admitted to a small reservoir in the source where it
dwells for 40-50 ms, after which it is injected into the cluster growth chamber by a second
pulse valve.
The cooling reservoir and the dual pulse valve arrangement is illustrated in Figure 2.5.
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Figure 2.5: Close-up view of interior of the cluster source showing the He cooling reser-
voir, and the tandem pulse valve arrangement which supplies the He pulse to the cluster
growth chamber.
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2.1.1.5 Temperature Controlled Nozzle
While the system described in the previous section is very convenient for the production
of clusters in the temperature range 10 - 60 K. Producing clusters at larger temperatures
is difficult because the cooling power of the cryocooler dominates the 10 W heater which
regulates the temperature of the source.
To produce clusters at higher temperatures we attach a second heated chamber to the
cluster source at the end of the nozzle. This chamber is thermally insulated from the source
by a thin walled stainless steel tube, which has low thermal conductivity at cryogenic tem-
peratures. This chamber has a heater made from thermocoax which allows it to be warmed
to temperatures as high as room temperature while adding only a modest heat load to the
source. This setup has the advantage that much of the cluster growth takes place at a tem-
perature of 20 K, where impurities in the carrier gas or laser ablation plasma are frozen
out.
2.1.2 Velocity Measurement
The velocity is measured by placing chopper in front of the beam. The period of the
chopper and all other distances and delays are known, so by synchronizing the chopper
and the gas pulse so that the beam travels through a slit in the middle of the chopper, both
the velocity of the beam and the dwell time of the clusters in the source can be calculated.
The measurement of the dwell time allows us to verify that the clusters are in thermal
equilibrium with the cluster source. The nozzle expansion is not supersonic so there is
little cooling of the rotational degrees of freedom.
2.1.3 Electric Deflection Plates
The electric deflection plates have a coaxial geometry (Rinner = 2.4mm, Router = 5.1mm) the
length of the deflection field is 22.5 cm, and the distance between the end of the electric
deflection plates and the ionization volume of the mass spectrometer is 1.25 m. The voltage
22


















Beam Velocity vs. Source Temperature
Figure 2.6: Plot of the empirical relation between the beam velocity and the source temper-
ature derived from over 200 experimental runs. The temperature derived from the velocity
of the beam is not necessarily equal to the temperature of the clusters, because the differ-
ent cluster degrees of freedom are cooled at different rates by the growth and expansion
process.
across the two electrodes can be set as high as 25 kV. This corresponds to an average electric
field and field gradient of 9.25 × 106V/m. The trajectory of the beam through the electric
deflection plates is not known precisely this dependence can be captured by a calibration
constant, which can be determined from a deflection experiment on a species with a known
polarizability such as the Al, or Li atom.
2.1.4 Stern Gerlach Magnet
The design for the deflection magnetic is shown in Figure ??. The pole faces of the elec-
tromagnet are shaped to match the equipotentials of the magnetic field due to two parallel
line currents separated by a distance 2a. This “two-wire” magnet design originates in the
laboratory of I.I. Rabi [126]. The equipotentials are circles which pass through the two
wires and are centered on the line bisecting them. This geometry of the two-wire field is
shown in Figure 2.8.
To derive expressions for the potential, field, and gradient we make use of the fact that
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2.7 mm 5.1 mm
Figure 2.7: Geometry of the electric deflection plates
the field is chosen to be equivalent to that of two line currents. In free space this field can
be written as the gradient of a scalar potential B = −∇ψ.





















Figure 2.8: Geometry and field lines of the Rabi two-wire field
ψ(x, y) = C log
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(y − a)2 + x2
(2.1)






Bx(x, y) = −
[
x
(y + a)2 + x2
−
x







By(x, y) = −
[
y + a
(y + a)2 + x2
−
y − a




The exact value of the field and field gradient experienced by the cluster beam depends
on the alignment of beam with the magnet. Because this can be measured with low preci-
sion, we calibrate the field and field gradient by performing a deflection experiment on the
2P1/2 ground state of the aluminum atom. This state has a magnetic moment of µB/3. The
deflection profile for the atom is shown in Figure 2.11.
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Figure 2.10: Geometry Stern-Gerlach magnet pole faces
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Stern-Gerlach experiment on Al atom
Field Off
Field On
Figure 2.11: Calibration of the SG deflection magnet by deflection of the Al atom. At 20
K, the population is mostly the J = 1/2 ground state.
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2.1.5 Time of Flight Mass Spectroscopy
When the clusters leave the source, the beam contains a broad distribution of cluster sizes.
Time of flight mass spectroscopy allows the different masses in the beam to be separated.
By choosing the voltages of the mass spectrometer so that the time of flight is sensitive to
the position in the ionization volume, the deflections can be measured for all masses in the
beam simultaneously.
The deflection of the beam is measured by a position sensitive time of flight mass
spectrometer (PS-TOFMS). The clusters are ionized by an ArF excimer laser (193 nm /
6.45 eV, 10 ns pulses, 10 mJ per pulse) This photon energy is sufficient for the ionization
of most metal clusters. The ions are extracted from the beam by an orthogonal repeller plate
/ extractor grid (R/E). The R/E voltages can be adjusted so that the TOF is sensitive to the
position of the ions in the ionization volume. The shift in the time of flight is linear in the
position over a volume of 1.5 cm3. (see Figure 2.13) The position-sensitivity is calibrated
by a movable slit which is placed in front of the entrance to the mass spectrometer.
2.1.5.1 Details of TOFMS
A more in-depth picture of the TOFMS is shown in Figure 2.14. Most modern time of
flight mass spectrometers trace their design to an article by Wiley and McLaren [158]
who introduced a method of using multiple acceleration grids to compensate for the initial
velocity or width of the beam of charged particles.
The ions are detected by a microchannel plate at the end of a field free drift tube. The
signal is amplified by a counter discriminator. The threshold of the pulse discriminator is
carefully set so that a small noise count rate is detectable with no ions, this ensures that
we do not reject any clusters which are deflected far in the tails of the beam. The intensity
of the beam is adjusted so that there is no distortion of the deflection profile due to double
counting.
An example mass spectrum is shown in the Figure 2.15 which shows the small shift in
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Figure 2.12: Time of flight mass spectrometer shown in it’s vacuum chamber
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Calibration of Position Sensitivity
  
Figure 2.13: Calibration of the position sensitivity of the mass spectrometer with the use
of a narrow slit at the entrance to the TOFMS
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Flight Tube: -7710 V
Extractor Grids: Ground








Figure 2.14: Geometry of the time of flight mass spectrometer
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time of flight caused by a deflection field (red curve).
2.2 Analysis of Deflection Profiles
Electric and Magnetic deflection experiments both have the same general form. The cluster
of mass m with velocity v, travels through a field which applies an inhomogenous electric
or magnetic field to the cluster in the direction transverse to the beam. E,∇E or B,∇B.
The field induces a polarization or magnetization P or M in the cluster and the cluster then
experiences a transverse force
Felectric = P · ∇E (2.7)
Fmagnetic = M · ∇B (2.8)









where K is a calibration constant that depends on the geometry of the deflection plates,
and the distance between the deflection plates and the detector.
For electric deflection experiments the polarization has two contributions: the electronic
polarizability α, and the time averaged projection of any permanent dipole moment onto
the direction of the field Pdip = 〈µE · E〉t. For a rotating cluster this projection depends on
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Figure 2.15: Time of flight spectra - the red curve is with the electric field on and the blue
curve is with the electric field off, the small shift in time of flight allows the deflections of
all clusters in the beam to be measured simultaneously
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2.2.1 Static Response of a Cluster to an Electric Field
Figure 2.16 shows a calculation for the polarizability of a metal sphere. This leads to the
intuitive conclusion that the polarizability of a metal sphere is a measure of its volume
α = 4πε0R3.
For atoms, the polarizability is due to the quadratic stark effect. To prove this we make
use of the definition of polarization as the slope of the stark diagram: P = −dUdE . The
induced polarization is determined by how much the energy of an atom or cluster changes
in an applied electric field.
For an atom, we can compute these slopes using perturbation theory. Let |0 > be the
ground state and |n > be the excited states of an atom. The energy of the bound electron
in an electric field is given by H′ = er̂E where r̂ is the position operator. To first order the
shift in energy is:
∆U (1) =< 0|er̂E|0 > (2.12)
Which is zero because of the familiar dipole selection rule.
Thus, to compute the polarizability we must evaluate the energy shift to second order
in perturbation theory.
∆U (2) = (eE)2
∑
n
| < n|r̂|0 > |2
En − E0
(2.13)
Equating this with the form U = 12αE




| < n|r̂|0 > |2
En − E0
(2.14)
Several observations are in order. First note that the polarizability of a quantum state
is inversely proportional to the energy gap separating it from excited states. So atoms in
























Figure 2.16: Illustration of the static dipole polarizability of a metal sphere. When an
external electric field is applied surface charge accumulates on the metal to enforce the
condition that E = 0 inside the bulk of the metal. The formula can be derived by enforcing
this boundary condition. Important physical features to note are that (a) the polarizability α
is proportional to the volume of the sphere, thus it can be used as a measure of the volume.
(b) In the case of an ellipsoidal particle the polarizability along different axes differs by a
depolarization factor Ni. For real metals it is necessary to account for the electronic spillout
which is typically on the order of 0.5 Å.
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energy gap to its excited states, so it can be considered a limiting case where the energy
denominator goes to zero.
Also note that a linear stark shift U = µEE is the quantum definition of a “permanent
dipole”. This requires that < 0|er̂E|0 >= µE. The dipole selection rule states that r̂ has a
non-zero expectation only between states of opposite parity. From this we can conclude
that a quantum state |φ > can have a permanent dipole if
1. |ψ > is a degenerate subspace
2. Two states in the subspace |ψ > have opposite parity
2.2.2 Dynamics of a Polar Rigid Rotor in an Electric Field
In this section we discuss the electric deflection experiment used to measure the dipoles.
The emphasis here is on the measure of the deflection and the systematic errors of the appa-
ratus which require correction. The details of the models used to extract the polarizabilities
and dipole moments from the deflection distributions will be discussed in the next chapter.
Molecular beam electric deflection measurements of dipole moments have been applied
before [23, 40] to determine the structure of biomolecules, and clusters [111, 134, 133, 135,
11, 88, 4].
The principle of the experiment is simple. Consider the trajectory of a single cluster
with a mass m and a velocity v traveling through a deflection plate which applies an electric
field and gradient E,∇E transverse to cluster beam. For any position in the deflection plates
both E and ∇E are proportional to the voltage V applied across the deflection plates. The






In the equation above, K is a calibration constant which depends only on the shape of
the deflector, the length of the deflector, and the distance from the deflector to the mass
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spectrometer. It is determined by a deflection experiment of a species with a known polar-
izability (e.g. the Li atom, or the Al atom).
The polarization P is defined to be the induced dipole moment projected onto the di-
rection of the deflection field z. As previous mentioned, there are two main contributions
to P: the electronic polarizability Pα = αE and field projection of the permanent dipole
moment time-averaged over its rotational motion 〈µz〉t. The value of 〈µz〉t depends on the
initial conditions (i.e. values of the conserved constants of motion) of the cluster when
it adiabatically enters the electric deflector. The distribution of these conserved quantities
are determined by the thermal conditions of the cluster source. The spacing between the
rotational levels of our clusters is much smaller than kTR, so we treat them as a continuum
and use classical rigid body mechanics to analyze the deflection profiles.
For the ensemble of clusters in the beam we observe a distribution of deflections ρ(δ)
and a entire distribution of polarizations ρ(P). To analyze these distributions we make use
of several simple models which relate the moments of the polarization distribution to the






(P − P̄)2ρ(P)dP (2.17)
The simplest case to treat is a spherical rotor with polarizability α and dipole mo-
ment µE, in the limit where the dipole energy is much weaker than the rotational energy









Which allows the dipole moment and polarizability to be extracted by matching mo-
ments:





For spherical and symmetric tops, there are known semi-analytic solutions [60, 10, 49]
for the rotation and nutation of a polar rigid-body in an electric field. The formula in 2.20
applies to a spherical rotor – for a prolate or oblate symmetric top the value will be slightly
different. (see chapter 3 ) For example, to get an error of 30% requires a symmetric top
with a ratio of axes on the order of 1 to 10! For a more modest deviation from sphericity of
I1/I3 = 2 gives an error in the dipole moment of 10%.
Thus, a precise quantitative estimate of the dipole moment requires knowledge of the
inertia tensor and thus of the cluster structure.
For asymmetric tops, there is no analytic solution and the motion is unstable to chaotic
tumbling [51, 5]. However, if the motion is unlikely to be perturbed, then the deflection
distribution can still be computed by numerical integration of the rigid body equations of
motion [48]. There is some evidence that asymmetric tops still show significant beam
broadening, (see chapter 4)
2.3 Corrections to the Broadening
The previous section derived a relationship between the beam broadening and the dipole
moment.
There are other causes of beam broadening that we must account for, a cluster with
zero dipole moment, and only an electronic polarizability will still display some beam
broadening due to the following effects.
1. The cluster beam has a finite width, thus different sections of the beam experience a
different deflection field and will be deflected a different amount. This will cause the
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clusters in the high field side of the beam to be deflected more than the clusters on
the low field side, causing an increase in the width of the beam
2. If the clusters have a spread of velocities, then the slower clusters will be deflected
more than the faster clusters, causing an increase in the beam width.
Both of the above effects are proportional to the average deflection of a cluster, and can





2.3.1 Broadening due to Field Inhomogeneity
The electric field used in the electric deflection experiments has a coaxial geometry, thus

















The definitions of the symbols above are given in the section describing the coaxial
deflection plates.
If the collimators for the cluster beam are positioned so that the center of the beam







For the values typical of our experiments rc ≈ 3.5mm − −4.2mm and the width of the
cluster beam in the deflection field is wc ≈ 0.3mm so we can compute the broadening
expected due to field inhomogeneity by expanding Eq. 2.25 about rc as:
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= δ(0) + K
αV2
mv2










Thus we see that the broadening due to the field inhomogeneity is proportional to the
deflection, and the width of the beam. The larger that a cluster is deflected the wider the





2.3.2 Broadening due to Velocity Dispersion
The calculation of the broadening due to velocity dispersion is very similar to the above
but for values of the velocity spread actually observed in our experiments this effect is
negligible and contributes less than 1% to the broadening.
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CHAPTER III
ANALYSIS OF DEFLECTION PROFILES
3.1 Overview
In this chapter we discuss the analysis of the deflection profiles, and the models that are
used to relate the shapes of the profiles to the physical quantities of interest such as the
electronic polarizability α, the electric dipole moment µE, and the magnetic moments µN of
ferromagnetic clusters. The point of this analysis is to derive some simple formulas which
relate the shape of the observed deflection profiles to the electric and magnetic dipole mo-
ments. As mentioned in the previous chapter, we characterize the shapes of the deflection
profiles by computing the average and width.
There are close parallels between the electric and magnetic cases although the forces
which bind an electric dipole and a magnetic dipole to a cluster body are very different. For
the remainder of this chapter we use the term magnetization and polarization interchange-
ably. The meaning should be clear from context.
In both cases, we must consider the effects of the rotational motion of the cluster when
it travels through the deflection field. The period of the rotational motion of a cluster is
much shorter than the 10 - 100 µs travel time of a cluster through the deflection field, so
the force experienced by each individual cluster is proportional to the projection of the
electric or magnetic moment onto the deflection field, time averaged over several cycles of
rotational motion.
F = 〈µ · ∇B〉t (3.1)
The anisotropy forces which bind the electric or magnetic moment to the cluster’s body
also have a significant effect on the distribution of observed deflections. We explicitly
43
discuss the limit of strong anisotropy where the moment is fixed in the cluster body. The
treatment here closely follows the prior work of [10, 49]. This “locked-moment” model
is the case that is most relevant to electric dipole moments, because the most plausible
physical mechanism is the charge inhomogeneity caused by localization of electrons in
bonds. For transition metals we expect these bonds to be highly rigid like the bulk, so any
unscreened charge inhomogeneities should be fixed in the clusters body fixed coordinate
system.








Note that this 2/9 differs from the 1/3 slope of the Langevin-Debye susceptibility. This
adiabatic orientation process has been discussed in [57, ?, 27, 139]
The theory for weak anisotropy, which applies to the magnetic moments of ferromag-
netic clusters such as Fe and Co has been worked out by Xu et. al. [167, 168]. In this theory,
the magnetization distribution can be computed from the slopes of the Zeeman curves. The
avoided crossings in the Zeeman diagram cause all of the populated Zeeman levels to slope
downward with increasing field, which explains the single sided deflections.
3.2 Magnetization Distribution
We are often interested in the field and temperature dependence of the moments, it is more
convenient to work with the magnetization distribution instead of the deflection distribu-





In the equation above M(B,T ) is the (generally) field and temperature dependent mag-
netization, which depends on the cluster’s intrinsic moment and its interaction with the
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deflection field. Because of the geometry of our deflection fields, the gradient is often
simply proportional to the field ∇B ∝ B. The velocity of the beam is also roughly propor-
tional to the square root of the temperature v ∝
√
T . (see Figure 2.6) Thus the deflection





These kinematic effects on the deflection are unrelated to the intrinsic magnetic prop-
erties of the cluster (captured in M(B,T )) so it is convenient to normalize away the depen-





So, instead of discussing a deflection distribution we will discuss a magnetization (or
polarization) distribution.
To summarize our key points:








ξ is a constant which depends on the geometry of the cluster. xi = 2/9 for an adiabatic
spherical rotor. xi = 1/3 (low field Langevin-Debye limit) for a fluctuating dipole,
of one thermalized in the deflection field.
2. The dipole moment is related to the broadening of the beam. For spherical tops, in





For prolate or oblate symmetric tops, the beam is also broadened, but the exact nu-
merical value depends on the deviation from sphericity which requires knowledge of
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the cluster structure. In the next chapter we have reported dipole moments derived
by relating the beam broadening to the spherical rotor model.
3. For asymmetric tops, we also expect to see some broadening (in fact, we have ob-
served significant beam broadening on a polar cluster which known by independent
means to be a highly asymmetric top see Sec. 4.6). It has been proposed that the
rotational motion of a polar asymmetric top in a field is unstable to perturbations
and will tumble chaotically [51, 5, 48]. For this case we see no evidence of chaotic
tumbling.
4. If the magnetic or electric dipole moment of a cluster can move internally, and its
motion is rapid on the time scale that the cluster spends in the deflection field, then
a process analogous to thermal relaxation could hypothetically occur. These trans-
formations are conceptually related to isomerization reactions of “floppy” molecules
[154].
There are some severe restrictions on this explanation in practice. First the internal
motion is highly restricted because it must conserve energy and angular momentum,
which is fixed for the whole isolated cluster. Second it requires some revision of the
intuitive notion that metal clusters - (especially transition metal clusters) are rigid
objects.
Despite the vague justification of this mechanism, it has been invoked [11, 134, 133,
135] to explain electric deflection experiments where there is a large enhancement
of the average polarization, far in excess of what can be explained by electronic
polarizability. We have observed similar effects in Tm clusters (see Sec. 4.8.1)
5. For a large variety of plausible (but not optimized) cluster structures, we find that the
majority are no more than 30% away from a spherical rotor, and of these most are
close to the prolate or oblate limits. Thus the use of a spherical rotor is
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6. Finally, we emphasize that a measurement of the beam broadening is a highly ro-
bust test for the presence of an electric dipole moment. The numerical values are
only semiquantitative because the exact amount of broadening depends on the clus-
ter structure. In cases where the broadening is reduced because of relaxation of the
dipoles orientation in the field, the dipole will manifest itself as an enhancement of
the average polarization.
3.3 Locked Moment Model
The “locked moment model” is a classical symmetric top with a permanent electric or mag-
netic dipole moment fixed along the symmetry axis. This model is very important in the
analysis of electric and magnetic beam deflection experiments for polar and ferromagnetic
clusters. We assume the magnetic case here and show calculations of deflection profiles
for different values of µB/kT , and I1/I3. We give a detailed comparison between the pre-
dictions of this model and the Langevin-Debye model for the average deflection. We also
discuss the broadening of the beam as a function of field, temperature, and deviation from
sphericity.
3.3.1 Brief Description of Calculation
We give a brief summary of the calculation of the deflection profile. Calculating the time
averaged projection of the axis of a precessing top is a part of physics folklore. I believe
the first calculation was due to Lagrange.
We briefly describe this calculation to illustrate how the thermal population of an en-
semble of rigid rotors gives a distribution of deflections.
There are three important elements:
1. The ensemble of rotors are initially at thermal equilibrium with the cluster source
- the temperature of the source T , determines the population of rotational levels in
the beam. (we neglect rotational cooling by nozzle expansion). The motion of each
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rotor is determined by 3 conserved quantities (E, mz, and m3). We initialize our
ensemble by choosing values for these quantities. Each value in the ensemble is
given a statistical weight with the Boltzmann factor. e−E/kT
2. The rotors adiabatically enter the electric field - When the field is turned on adia-
batically, the conserved quantities will change and thus the motion of the rotor in
the field changes. To compute the value of the conserved quantities in the field
given their value in the source we use the “adiabatic invariants” of the symmetric
top Hamiltonian[60]. It is important to account for this adiabatic entry - sampling
from a ensemble thermalized in the deflection field will give incorrect results.
3. Once we have computed the constants of motion in the deflection field, we can com-
pute the average projection onto the field axis 〈M〉t = µ cos θ. The periodic motion
of θ is called nutation. There is a closed form formula for the time average of cos θ
over the nutation given in [60, 10, 49] We compute this time-average 〈M〉t for every
element of our ensemble and group them into a histogram.
3.3.2 Deflection Profiles
The magnetization distribution is a function of two parameters: the ratio of the dipole en-
ergy to the thermal energy x = µBkT , and the ratio of the principal moments of inertia I1/I3.
In the x  1 limit (called the low field limit) the deflection profile is symmetrically broad-
ened about the field off peak. As x ≈ 1 the profile becomes more asymmetric (the dipole
orients itself with the field during the adiabatic entry process). Finally as x  1 the de-
flection profile saturates at the value µ. This saturation behavior is similar to what happens
in the Langevin-Debye model where the dipole thermally relaxes in the field, although this
adiabatic rotor model is slower to saturate, and the low field limits of the two models have
different values.
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been normalized so that they have the same height rather than the same area, to emphasize
the fine features of the shapes of the profiles.

















































properly normalized by area, to compare the field on and field off profiles.
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3.3.3 Average Deflection
Once we have calculated the deflection profiles we can give the average magnetization
as a function of µB/kT . Note that the low field limit for the Langevin-Debye model is
〈M〉 /µ = µB3kT . The low-field limit for the spherical adiabatic rotor is 〈M〉 /µ =
µB
3kT




































Figure 3.3: Average of the magnetization distribution 〈M〉 /µ for prolate, oblate and spher-
ical rotors as a function of µB/kT . Note that for the spherical rotor, 〈M〉 /µ ≈ 29
µB
kT in the
µB/kT  1 limit. The magnetization saturates much more slowly than the Langevin Debye
model. Also, the low field limit is different.
3.3.4 Broadening
We can also compute the beam broadening as a function of x: In the x  1 limit for a

















Our calculations agree with this result, although it is important to note that in the low-
field limit the the broadening does depend on I1/I3. So while getting a precise estimate
of the dipole moment from this method requires knowledge of the structure, this is an
extremely robust test for the presence of a dipole moment.
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Even in the zero-field limit where x  1 the amount of broadening depends on the ratio
of axes of inertia.
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(a) Broadening over full range



















(b) Broadening for x ≈ 1





oblate and spherical rotors as a function of µB/kT . Note that for the spherical rotor,
∆M/µ = 3 in the µB/kT  1 limit.






















(a) Magnetization distribution for different values
of I1/I3: an oblate spheroid, a spherical rotor, and a
prolate spheroid. Note that these two limits corre-
spond to extreme distortions away from sphericity -
a ratio of 1 to 10. They are normalized by area.











Broadening vs. Sphericity in (µB/kT)¿1 limit
(b) Second moment of the low-field x  1 magne-
tization distribution as a function of I1/I3. Notice
that when I1/I3 = 1, the ∆M/µ = 13
Figure 3.5: Behavior of the beam broadening in the low-field limit.
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3.3.5 Some Concrete Examples
It is also important to consider how close realistic experimental conditions are to the limits
described above. We consider both electric and magnetic cases.
Electric dipole moments are measured in Debye (1 D = 3.33 × 10−30 C m). The largest
electric fields used in our experiment are on the order of 22 kV / 5 mm = 7.3 × 106 V/m.
The source temperatures used in our lab are typically 20 K. pE/kT is plotted for a variety
of values of p below.
The magnetic case is entirely analogous - the largest magnetic fields possible with the
resistive electromagnets used in our lab are 2 T. Consider a Ho clusters, and suppose that
each Ho atom contributed its full atomic moment (10.6 µB) to the magnetic moment of
a cluster. In this case a Ho20 cluster would have a magnetic moment of 212 µB. With a
rotational temperature of 20 K, this gives a value of µB/kT ≈ 14, which is deep into the
saturation limit.

















Dipole Energy for E=6.66×106  V/m
T = 10 K
T = 25 K
T = 50 K
(a) pEkBT at an electric field of E = 6×10
6 V/m. Note
that it takes very large dipole moments to get any-
where close to the saturation limit. Metal clusters
with few exceptions have zero dipole moments - so
the low-field limit is almost always appropriate for
the analysis of metal cluster deflection profiles.
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 for B=2 T
T = 100 K
T = 50 K
T = 20 K
T = 10 K
T = 200 K
(b) µBkBT at a magnetic field of B = 2 T.
Figure 3.6: Values of pE/kBT and µB/kBT for realistic experimental conditions.
53
3.4 Asymmetric Rotors
The previous section has discussed the dynamics of a polar symmetric top in an electric or
magnetic field. The assumption that a cluster is a symmetric top is quite restrictive. We
expect that the majority of metal clusters are in fact asymmetric tops (albeit with a nearly
spherical shape due to surface tension)
As discussed, the observed distribution of deflections is very sensitive to the rotational
dynamics of a cluster, and thus to the population of rotational levels. How do the rotational
dynamics of a polar asymmetric top differ from those of a polar symmetric top?
The first key difference between symmetric and asymmetric rotors is that the dipole
moment is no longer restricted to lie along the symmetry axis. Thus to completely specify
the problem we must give both the direction and magnitude of the electric or magnetic
moment in the body-fixed coordinate system.
The Quantum Hamiltonian for this case is:




z + µ · E (3.10)
with A , B , C. We use the symbol µ to refer to either the electric or magnetic
moment, and E to refer to the electric or magnetic field.
For almost all of the clusters considered in this thesis, the rotational constants are small
enough that the rotational levels are effectively a continuum relative to the thermal energy
kT at T = 20K. Therefore, we can treat the rotational motion using classical rigid body
dynamics,
Unlike the symmetric top, the polar asymmetric top in an electric field has no known
analytic solution. The only conserved quantity is the total angular momentum, and the pro-
jection of the angular momentum onto the space fixed axes (corresponding to the quantum
numbers J and M). For symmetric tops, the projection of the total angular momentum onto
the body-fixed axes is conserved, and each value K is doubly degenerate, the asymmetry
breaks this degeneracy and mixes states with the same J but different K.
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There is no known analytic solution to the asymmetric polar top in an electric field.
We must note that the effect of chaotic tumbling is unlikely to depend on the value of κ
alone. To illustrate this, consider two maximally asymmetric tops which both have κ = 0.
The first one has A = 1, B = 2,C = 3, the other has A = 99, B = 100,C = 101. The
second molecule is far closer to a sphere than the other, and so we would expect the effect
of chaotic tumbling to be much less severe, despite both being highly asymmetric tops.
3.4.1 How asymmetric are clusters?
Chaotic dynamics and avoided crossings can have a dramatic effect on the deflection dy-
namics of a cluster in an electric or magnetic field. There are of course few experimen-
tal methods that allow for the determination of cluster structure, but global optimization
methods can give us some highly plausible guesses for what structures are possible for N
atoms interacting under different approximate pair potentials. Our purpose here is not to
debate the merits of these different interaction potentials or how realistically these poten-
tials account for the numerous and complex interactions which determine the ground state
structure of real clusters.
A large collection of structures derived in this way have been calculated and are pub-
lished at the Cambridge Cluster Database by Doye and others. Examples include the series
of Lennard-Jones clusters which have been discussed extensively by Wales.
For three series of optimized structures, we have plotted three quantities
1. Volume per Atom In the structures the atoms are considered to be interacting point
particles, so it is technically meaningless to speak of the volume of a discrete set of
points. As a practical definition, we first compute the principal moments of inertia of
the cluster (I1, I2, I3). Then for the volume we use the volume of an ellipsoid which
























I1 + I2 − I3
Nma
(3.14)
Va = Vellipsoid/N (3.15)
In the equations above N is the number of atoms and ma is the atomic mass.
We plot this volume as a function of the number of atoms. We notice that for all
of the structures considered, Va increases and converges to a fixed value. There
are fluctuations about this slow trend which apparently reflect the ability of some
sizes to assume especially compact geometries. Among these include the well-known
MacKay Icosahedra - 13, 55, and 147.
2. Deviation from Sphericity Once we have computed the principal moments of iner-
tia of each structure, we want a measure of how much spread there is between the
principal moments. To quantify this, we express the difference between the largest
Imax and smallest Imin of the principal moments as a percentage of Imax.




This quantity is 0 for a spherical top, and 1 for a linear rotor.
For all of the structures we considered, very rarely is there more than a 30% variation
among the principal moments.
3. Ray’s Asymmetry Parameter: κ For an asymmetric top cluster with three unequal
principal moments of inertia (I1 < I2 < I3) We want a parameter that will smoothly
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interpolate between the prolate I1 = I2 < I3, or oblate I1 < I2 = I3 symmetric top




Then Ray’s Asymmetry parameter is
κ =
2B − A −C
A −C
(3.17)
This quantity is -1 for a prolate top, 1 for an oblate top, and 0 for a maximally
asymmetric top (one whose third principal moment is half way between the other
two.
For this reason we have plotted the deviation from sphericity of the clusters: It expresses
the difference between the largest and smallest principal axes of inertia as a percentage of





The tables in Figures 3.7, 3.8 3.9, 3.10 show the deviation from sphericity is very rarely
larger than 0.2!
What fraction of clusters are actually symmetric tops? One intuitive argument is that
a solid or liquid clusters has a surface tension that is proportional to the surface area of
the cluster. Minimization of this surface energy favors the formation of spherical clusters,
because the sphere has the smallest surface area for a fixed volume. This intuition is correct
for bulk liquids, but it is highly questionable for metal clusters which can show directional
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bonding. The energy gained by forming directional bonds could more than make up for the
cost of a large surface area. Covalently bonded structures can take on rigid geometries of
almost limitless complexity, and the constraints of the spn bond angles can dominate the
tendency for molecules to collapse under surface tension. There are also many examples of
single element clusters (e.g Gold) which for small sizes favor the formation of planar, and
tubular structures. While we lack experimental methods which can directly determine the
structure of a cluster, there are many plausible theoretical guesses as to what the structures
are and they have been compiled and published for a wide variety of interaction poten-
tials. The methods used to calculate and optimize cluster structures vary a great deal in
their realism. Finding the structure can be formulated as a global optimization problem
of a high-dimensional potential energy surface where the number of local minima scales
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(b) deviation from sphericity for LJ3−150



















(c) Ray’s asymmetry parameter for LJ3−150
Figure 3.7: Descriptive statistics of Lennard-Jones clusters N < 150
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Lennard-Jones Clusters: Deviation from Sphericity
(a) deviation from sphericity for LJ300−1000



















(b) Ray’s asymmetry parameter for LJ300−1000
Figure 3.8: Descriptive statistics of larger Lennard-Jones clusters
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Finnis-Sinclair Fe Clusters: Volume per Atom





(b) deviation from sphericity for FS3−−100


















Finnis-Sinclair Fe Clusters: Asymmetry
(c) Ray’s asymmetry parameter for FS3−−100
Figure 3.9: Calculation of the sphericity for cluster structures obtained by applying global
optimization techniques to atoms interacting under the Finnis-Sinclair potential [55]
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Al Glue Clusters: Volume per Atom





(b) deviation from sphericity for Al Glue3−−100


















Al Glue Clusters: Asymmetry
(c) Ray’s asymmetry parameter for Al Glue3−−100
Figure 3.10: Same calculation as above for Al Glue clusters. This glue potential is de-
scribed in refs. [47, 46], it is known to favor a polytetrahedra growth sequence where the
atoms are arranged at the vertices of interpenetrating tetrahedra.
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3.5 Adiabatic Magnetization by Avoided Crossing
For analysis of Stern-Gerlach magnetic deflection experiments the Langevin susceptibility
Eq. 3.19 is used to relate the intrinsic moment of a ferromagnetic cluster to the average
magnetization through the temperature and applied field. This formula is derived from















This is exactly the susceptibility that would obtain for a superparamagnetic particle
relaxing in a magnetic field with temperature T . At the lowest temperatures in our experi-
ments (20 K), superparamagnetic relaxation is impossible because there is no heat bath for
the particle to interact with[168].
An alternative justification for the use of the Langevin susceptibility at low temperatures
has been given by Xu [168]. In this theory the Zeeman curves of the cluster overlap with
one another and avoided crossings with higher unpopulated levels cause the slopes of the
populated states to trend downward. (see Figure3.11)
The average of the magnetization distribution in the low field limit amazingly has the





The evidence from many years of work on cobalt, iron, and nickel clusters support the
idea that the Langevin susceptibility applies at cryogenic temperatures where superparam-
agnetic relaxation is no possible. The agreement of the Langevin susceptibility with the
observed magnetizations over a large range of fields and temperatures is shown in Fig-
ure 3.11. This includes temperatures where the vast majority of the clusters in the beam
are in their electronic and vibrational ground states. Thus there is no heat bath for spin
relaxation.
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(a) Plot of magnetization of Co clusters with Langevin
function
(b) Zeeman diagram for a ferromagnetic cluster
Figure 3.11: Demonstration of adiabatic magnetization for Co clusters. The observed
magnetizations are plotted against the Langevin curve. The figure to the right shows how
this magnetization process emerges from the adiabatic tracing of the Zeeman diagram, with
no spin relaxation. Figures gratefully borrowed from Xu [168]
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3.6 Cluster Temperature
The issue of cluster temperature critical to the correct interpretation of the deflection exper-
iments, because the deflection profiles observed reflect the thermal conditions of the cluster
source. A related issue is whether it is possible for any form of thermal relaxation to take
place for a cluster isolated in a molecular beam.
What exactly is meant when one refers to the “temperature” of a cluster beam? Each
cluster in the beam is uncoupled from the surrounding environment and has a fixed total
energy. The total energy of each cluster was fixed when it left the cluster source. The
probability that it had total energy E when it left the source is given by the Boltzmann dis-
tribution p(E) ∝ e−E/kT . Thus the ensemble of clusters in the beam has energies distributed
according to the source temperature. When one refers the temperature of the cluster beam,
one is referring to the distribution of individual cluster energies found in the beam. This is
determined in the cluster source.
How do we know that the distribution of energies is close to the source temperature?
There have been several methods used to validate the cluster temperature. One simple
example is to use the formation and dissociation of rare-gas complexes in the beam [108],
as a measure of temperature.
Alternatively, it is possible to use the magnetization of a beam of ferromagnetic clusters
as a thermometer for the cluster beam. The idea is to vary the dwell time until there is no
change in the moments calculated from the Langevin susceptibility. For dwell times longer
than this it is reasonable to believe that the clusters are in thermal equilibrium with the
source. This condition is found to hold for dwell times on the order of 1 ms.
Obviously we have not verified the temperature of the cluster beam using these methods
for every experimental run. In practice, we select valve and gas pulse settings so that the
dwell time is in the 1 - 2 ms.
Theoretical calculations of the relaxation time for the different degrees of freedom in
a cluster support the view that 2 ms of dwell time is sufficient for the clusters to come to
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equilibrium with the source temperature.
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CHAPTER IV
DIPOLE MOMENTS AND CLUSTER METALLICITY

























Dipole Moments of Metal Clusters
Figure 4.1: Dipole moments per atom for metal clusters of 15 elements. The box plot
provides a summary of the distribution of per atom dipole moments. The line in the middle
of the bar is the median value for the clusters measured, and the upper and lower bounds of
the bars represent the range that contain the upper and lower quartiles. The red diamonds
are the magnitude of the outlier points. An important caveat is the distribution for different
elements is over different size ranges. For example the Na distribution is over N = 1 − 250
while Bi includes N = 3 − 35. Thus this comparison is possibly misleading. This plot is
just to provide a quick summary of the results of this chapter.
In this chapter we present a series of electric deflection experiments on small metal clus-
ters (mostly N < 100) of 14 different elements at beam temperatures from 20 - 50 K. These
experiments allow us to determine their static polarizabilities and estimate the magnitude
of their permanent dipole moments. The results of these measurements are summarized
in Figure 4.1. Our measurements include the simple alkali metal Na, 3d transition metals
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Mn,Co,Fe, a 4d transition metal Rh, the group V transition metals (V, Nb, and Ta), Al and
Bi, as well as 4 lanthanides (Pr, Tb, Ho, and Tm).
As discussed in chapter 1, our motivation for these measurements is to test how effec-
tively the delocalized valence electrons of a metal cluster can screen inhomogeneities in
the cluster’s charge distribution. A perfect metal sphere will have E = 0 everywhere in its
interior and thus have a net dipole moment that is exactly zero. Of the materials we have
tested, Na clusters come closest to this ideal. Fe, Co, and Mn clusters the data show very
small dipole moments (≈ 0.001 − 0.002 D/atom).
RhN shows a qualitatively clear beam broadening for nearly all cluster sizes up to N =
80. These dipole moments computed from this broadening are repeatable and independent
of field and temperature up to T = 50K. The constant per atom dipole moments implies
that the total dipole moment increases with cluster size. We must therefore be far from the
bulk limit as, all bulk metals have E = 0 in their interior. These dipole moments are further
reflected in an increasing trend in the polarizability for RhN .
The rare earths Pr, Tb, Ho, and Tm show larger per atom dipole moments up to around
0.01D / atom. These dipole moments are in some isolated cases enhanced by the addition
of an oxygen atom as in TbN , and TmN , PrN .
BiN shows a very strong odd-even alternation with even-N clusters having larger per
atom dipole moments than their neighbors. The dipole moments for BiN are computed
from a series of measurements taken over a range of measurements from 20 - 60 K. Unlike
Nb,V,and Ta the dipole moments do not appear to vary significantly with temperature in
this range.
Another key observation is the exceptionally of Nb, V, and Ta compared with the other
transition metal systems that have been studied. Their per atom dipole moments are larger
than the other materials, and there is a strong the odd-even alternation in the magnitude of
the dipole moments with the even-N clusters showing consistently larger dipole moments
than their odd-N neighbors. The temperature dependence of these dipole moments strongly
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suggests that the mechanism of the polarization of these particles is very different than that
of the other elements, which are insensitive to temperature in the ranges considered. NbN ,
TaN , and to some extent VN all show a significant reduction of the dipole moment as the
temperature is increased from 20 to 40 K. To explain the disappearance of these dipole
moments at such low temperatures requires a physical mechanism which operates at an
energy scale much lower than the lattice vibrations ( ~ωDN ≈ 100K) or electronic transitions
( EFN ≈ 5.3eV/N ≈ 60, 000K/N).
There is also a slight correlation between the magnitude of the per atom dipole mo-
ments and the atomic mass, with heavier elements showing larger per atom dipole mo-
ments. However, it must be cautioned that this comparison is possibly misleading because
different elements shown in Figure 4.1 cover different size ranges. (Na includes N < 250
while Pr covers only N < 35)
For many elements the polarizabilities and dipole moments as a function of cluster size
show large variations and there are some special cluster sizes which show much larger
dipole moments than their neighbors. (These outliers are shown as red dots in Figure 4.1)
These large variations are most pronounced for smaller cluster sizes where the ionic and
electronic structure of clusters is expected to vary significantly with the addition of a single
atom.
Almost all of the clusters studied have polarizabilities that are significantly larger than
their corresponding bulk materials, thus these clusters are still far from converging to the
bulk limit. The polarizability is a rough measure of the volume per atom (the bulk values
are derived from the bulk density), but even if the density for a cluster is the same as
that of a bulk material, there are several other effects that can cause an enhancement in
the polarizability. Examples include the electronic spillout [21, 97], ellipsoidal jahn-teller
distortions [34, 91], and the dipole moment itself, which can become partially aligned with
the deflection field as it rotates in the field.
The bulk and atomic polarizabilities are given in table 4.1. If there was no bonding or
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Table 4.1: Bulk and Atomic Polarizabilities: M is the molar mass, ρ is the density of the
elemental solid measured at a temperature of 25 C. The bulk polarizability is calculated by
applying the formula α = 4πε0R3, where the radius R is the radius of a sphere containing
one atom. The volume of this sphere is calculated from the molar mass and density. The
atomic polarizabilities with a †, are derived from quantum chemical calculations and their
precision is is estimated at 25%. The polarizabilities of Na and Al are derived from atomic
interferometry [50], and beam deflection experiments [110] respectively.
Element M (g/mol) ρ (g/cm3) αbulk (Å3) αatom (Å3)
Na 22.99 0.968 9.415 24.08
Al 26.98 2.700 3.961 6.80
V 50.94 6.110 3.305 12.4†
Cr 62.00 7.150 3.437 11.6†
Mn 54.94 7.300 2.983 9.4†
Fe 55.84 7.870 2.813 8.4†
Co 58.93 8.860 2.637 7.5†
Ni 58.60 8.900 2.610 6.8†
Y 88.91 4.470 7.885 22.7†
Nb 92.91 8.570 4.298 15.7†
Rh 102.91 12.40 3.290 8.6†
Ta 180.95 16.40 4.374 13.1†
Au 196.97 19.30 4.046 6.15†
Pb 207.21 11.30 7.269 6.8†
Bi 208.98 9.800 8.462 7.4†
Pr 140.91 6.770 8.251 28.2†
Tb 158.93 8.230 7.655 25.5†
Ho 164.93 8.800 7.430 23.6†
Tm 168.93 9.320 7.186 21.8†
charge transfer between the atoms in a cluster of N atoms then we would expect the cluster
to have α/N equal to the atomic polarizability αatom, just as for a rare gas solid.
There have been many earlier electric deflection experiments on pure metal clusters
[134, 133, 135, 11, 88, 85, 87, 149, 91, 129]. However only [134, 133, 135] attempted to
extract the dipole moments by an analysis of the beam broadening. Their findings for PbN
and SnN clusters are similar to the results reported here and complement them nicely.
In our measurements, we subtract a correction from the broadening to account for the
the inhomogeneity in the deflection field. We equate the residual broadening that remains
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after subtracting this correction to a permanent dipole moment. For Na clusters this correc-
tion accounts or all of the broadening and the residual broadening fluctuates around zero. In
many cases we independently calibrate this correction with the atomic beam that is present
with the clusters for Al, Pr, Tb, Ho, and Tm. Atoms cannot have static dipole moments
because their quantum states are eigenstates of the angular momentum operator, thus any
beam broadening present in the atomic beam must be due to an experimental artifact. For
cases where the atomic beam is present the field broadening correction accounts for nearly
all of the broadening of the atom beams.
Whether the dipole moments are exactly zero is a critical question. In the elementary
model of a metal the mobile delocalized charges will move until the internal electric field
of the metal is exactly zero. A cluster in this condition should have zero dipole moment.
Therefore a non-zero dipole moment implies the existence of unscreened electric fields,
and non-metallicity.
The formation of a dipole moment in a finite cluster depends on a delicate balance of
electrostatic forces. To sustain the charge separation and electric fields of a dipole mo-
ment, the electrostatic energy of the dipole E = p
2
3ε0V
must be compensated for by some
countervailing force which prevents the charges from moving to cancel the internal elec-
tric field. An obvious candidate is the binding of electrons in covalent bonds, but there
are other possibilities related to charge density waves [64, 31, 151]. (although this is quite
speculative)
For clusters derived from transition metals with partially filled d orbitals (such as Mn,
Fe, Co, and Ni), the d electrons will show a tendency to be partially localized in bonds.
This tendency toward localization is a key factor in the ferromagnetism of these clusters
[80, 152, 119, 118, 65].
Electric dipole moments are ubiquitous in covalently bonded molecular systems [155],
unless a dipole moment is forbidden by symmetry [150]. Many of these systems contain
bonds between atoms with different electronegativities and so the bonds themselves have
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an electric dipole moment. In a transition metal cluster, with partially covalent bonding,
it would be quite a fortuitous accident if the charge density of the bonding electrons had
exactly the same center of charge as the ion cores!
In the case of a simple alkali metal like Na, the electrons are all derived from s or-
bitals and they are almost completely delocalized throughout the body of a cluster. The
delocalization is so great that alkali clusters can be described effectively with a shell model
analogous to that for atoms and nuclei. In these systems, such as NaN , the energetics and
degeneracies of the electronic shell structure determines the structure of the ion cores rather
than the other way around. We will find that as expected Na clusters have zero dipole mo-
ment. The other cluster systems considered are more complex and will be discussed in
greater depth below.
4.1 Sodium clusters
To introduce our data, we begin with Na clusters. Na is an alkali metal with a single
unpaired s electron bound to a Ne+ core. Na is called a “simple” metal [6] because so
many of its properties (conductivity, cohesive energy, optical response, paramagnetism)
can be well explained by a free electron model, where the delocalized s electrons move
independently of one another. Their motion is only weakly perturbed by the interaction
with the lattice of ion cores. The success of this model is due to the strong delocalization of
the s electrons. The free electrons further weaken the influence of the charged ionic cores
by screening.
There is an abundance of experimental evidence (see [39], or [106] for a review) that
this delocalization persists down to the smallest Na clusters. Thus the properties of Na
clusters can be explained qualitatively using a simple shell model [92, 34] that is analo-
gous to the nuclear shell model [?]. Nearly quantitative agreement with experiment can be
achieved with more advanced models, such as deformed jellium [21], or calculations which
include the optimized ionic structures with pseudopotentials (see [14] for an early example,
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and refs. [146, 106] and the references therein for later examples)
The electronic shell structure has a dominating influence on the geometry of Na clusters,
due to the Jahn-Teller effect [34]. A spherical Na cluster with a partially filled electronic
shell can lower its electronic kinetic energy by elongating along one axis and filling the
electrons into the orbitals which are spread out along this axis. These distortions are well
known from molecular and nuclear physics. Just as for atoms, the electronic structure of Na
clusters can be constructed by filling the electronic orbitals one at a time. The single particle
states can even be accurately described as eigenstates of the quantum angular momentum
operator as demonstrated by a recent angle resolved anion photodetachment experiment [7]
which conclusively shows that electronic states in Na clusters have well defined angular
momentum, similar to atoms.
At 20 K, we find that almost all Na clusters have zero dipole moments within our ex-
perimental error. This result is not surprising from the perspective of the jellium model
[21, 106], but there have been quantum chemical calculations [146] which predicted that
nearly all of the smaller Na clusters N < 20 would have dipole moments, some as large as
of 1 D. These calculations are based on all-electron Hartree-Fock with perturbative correc-
tions and DFT with generalized gradient functionals to attempt to account for the effects
of electron correlations. The ionic structure was optimized as well to improve the real-
ism. Our experiment establishes an upper bound on the dipole moments of Na clusters
that is in many cases an order of magnitude smaller than the values predicted by these cal-
culations. NaN is by far the simplest and most thoroughly studied cluster system, so this
result demonstrates the care and subtlety required to theoretically predict a quantity like the
electric dipole moment.
4.1.1 Overview of Sodium
Sodium clusters were the first cluster system to be extensively investigated using molecular
beam methods [142, 143, 42, 92]. The physical properties which have been studied include
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• Abundance Spectra [92, 120, 105] which reveal differences in binding energy when
the cluster beam is populated from an evaporative ensemble. This ensemble comes
about by the following process. If the abundance distribution in a beam is initially
log-normal, and the clusters have an average energy that is larger than the binding
energy, then atoms will evaporate until the excess energy in each cluster is less than
the binding energy. Thus cluster sizes with larger binding energies will see less
depletion and larger abundance in the mass spectrum.
• Static Dipole Polarizabilities which are sensitive to the volume of a cluster and
the electronic “spill-out”. This quantity can be measured by an electric deflection
experiment as in [91, 149].
• Photoabsorption Cross Sections [143, 142, 19, 136] The absorption of visible light
as a function of wavelength has been measured by beam depletion. A cluster beam
is illuminated with light of a specific wavelength. The absorption of a single pho-
ton significantly heats the cluster and will cause evaporation. The cross section for
photoabsorption can thus be measured by plotting the beam depletion as a function
of wavelength. These experiments revealed the existence of large collective dipole
resonances in the visible spectrum that are closely related to the bulk surface plas-
mon. (evidence that the normally optically inaccessible “volume plasmon” has been






This formula can be derived by inserting the dielectric function for a plasma













ω2 + iωγ + ω2P/3
(4.4)
The above simple derivation is well-known and the form given above is due to
Bertsch. We mention it because this relation between the moments of the optical
resonances and the static-polarizability can be used to provide an alternative exper-
imental method for measurement of the static dipole polarizability. This procedure
has been used by Haberland [136], and the estimated polarizability agrees very well
with the results of a deflection measurement.
The Mie theory gives the correct intuition for these giant resonances Brut more ad-
vanced theories [170] are required to correctly account for the asymmetric lineshapes
and damping mechanisms.
• Ionization Potentials [76] can be measured by recording the ionization efficiency as
a function of wavelength with a tunable laser. The threshold energy is interpreted as
the baseline intercept of the post-threshold ionization efficiency curve [39]. The IP
measurements of NaN clusters clearly show jumps at electronic shell closings and a
very interesting odd-even alternation as large as 0.1 eV. Odd-even alternations have
been observed in nuclear physics, and have been explained by a pairing mechanism
similar to the BCS theory of superconductivity[17]. However it is unlikely that this
could be the explanation of the oscillations for Na clusters because the 0.1 eV energy
gap is nearly 100 times larger than the energy for BCS type pairing. The odd-even
gap has been explained by Häkkinen et. al. [67] as a shape deformation effect.
• Caloric Curves and Melting Temperatures [137, 96, 66, 66, 73, 138] The caloric
curve for a system is a plot of the average energy as a function of temperature. In a
free cluster, each individual cluster has a fixed total energy (a microcanonical ensem-
ble), so the “temperature” refers to the temperature of the source where the clusters
come to thermal equilibrium before being isolated in a beam. In these experiments
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the clusters are size selected before being warmed with a laser. The heating laser
causes a number of atoms to evaporate, and a histogram of the number of evaporated
atoms is plotted as a function of the number of photons absorbed. Each photon de-
posits a known amount of energy to the cluster so the the distribution of evaporated
atoms allows a measurement of the distribution of cluster energies before they were
heated with the laser. Smooth thresholds in the caloric curves are the finite system
counterpart to the melting curve. The melting temperatures of Na clusters show very
interesting size dependencies.
• Energy and Angle-Resolved Photoelectron Spectra [161, 7] anion photoelectron
spectroscopy provides a nearly direct measurement of the density of electronic states
in a cluster. Na clusters show large near degenerate peaks in the density of states each
of which corresponds to a single electronic shell. These methods thus provide a direct
method for the observation of the electronic shell structure. The angular distribution
of the emitted photoelectrons with respect to the polarization of the photodetachment
laser depends on the angular momentum of initial state of the detached electron.
Electron imaging experiments like [7], have concluded that the electronic states of
Na clusters have the character of angular momentum eigenstates.
This list is by no means complete, and there are many other properties of Na clusters
which have been investigated. The point is to give a sense for how strong the evidence is
for the shell structure of Na clusters, and how essential the shells are for the understanding
of their properties. Again we should emphasize that achieving quantitative agreement with
experiment requires carefully accounting for the structure of the ion cores as in [93].
4.1.2 Experimental Considerations
The mass spectrum for the beam of Na clusters is shown in Figure 4.2. This mass spec-
trum was recorded using the KrF excimer wavelength of 248 nm (5.02 eV), the source
temperature was 20 K, thus the Na clusters are close to their vibrational ground state. The
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Na Cluster Mass Spectrum
Figure 4.2: Mass spectrum for Na clusters produced at 20 K using laser vaporization (532
nm) and ionized with laser wavelength of 248 nm (5.02 eV). Note that the cluster size
distribution shows a strong log-normal shape, unlike the evaporative ensemble observed in
refs.[92]
distribution of cluster sizes follows a log-normal distribution which reflects the nucleation
conditions and the kinetics of cluster growth in the source [145]. The log-normal size distri-
bution is very different from the “evaporative ensemble” that emerges from gas aggregation
source after laser heating [105]. A size distribution similar to this log-normal distribution
has been observed before by Honea & Homer [76] using a liquid nitrogen cooled laser
vaporization source.
At a photon energy of 6.45 eV (ArF excimer) no Na cluster intensity was observed.
The single ionization potential for Na clusters (N > 20) is in the range of 3.2 - 3.6 eV [39].
Thus a 6.45 eV photon is well above the threshold, and contains enough residual energy to
cause a significant heating of the cluster ion. This heating can lead to evaporation. If the
cluster was double ionized it is also possible that fission processes could take place as well.
Regardless, when using 248 nm light, we observe clean mass spectrum of pure Na
clusters with little oxide or hydroxide contamination and no double ionization. The lack of
contamination is due primarily to the low temperature of the cluster source, which freezes
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out reactive impurities in the carrier gas, and the preparation of the Na sample under an
argon atmosphere.
Another noteworthy mystery is that the intensity of the Na atom beam is so weak while
the intensity of the Al atom is so intense. As seen in table 4.1, the polarizability of the
Na atom is nearly 4 times larger than the Al atom, so it’s scattering cross section is corre-
spondingly larger and thus the Na atomic beam would show much larger depletion. It is
also possible that all of the atoms emitted from the laser vaporization source are charged,
and since our beam is designed for neutrals there are many stray electric and magnetic fields
which would certainly remove any charged species from the beam. Another possibility is
that most of the Na atoms are consumed in cluster growth.
































Figure 4.3: Electric Deflection Profiles for Pure NaN Clusters, recorded at a temperature of
20 K. These two profiles are typical of all of the Na deflection profiles measured. There is a
rigid shift of the deflection profile, with very little broadening of the beam. The scale of the





. In the profiles shown, δ is the displacement away from the center of the beam,
The polarizability is then found by αN =
P
E .
Two typical deflection profiles for Na clusters are shown in Figure 4.3.
4.1.3 Polarizabilities and Dipole Moments
Our measurement of the polarizability of NaN is shown in Figures 4.4 and 4.5. The decreas-
ing trend has been noted in the previous measurements and is explained by the electronic
spill-out.
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The oscillations about the decreasing trend are also quite interesting. First, it should be
noted that the locations of the maxima and minima closely track the maxima and minima
observed by Borggreen in the Na cluster separation energies [20]. The local minima in
Figure 4.5 correspond to the well-known spherical closed shell clusters. Part of the magni-
tude of the oscillations in the polarizability can be accounted for by ellipsoidal Jahn-Teller
distortions 1, but rough estimates from the Clemenger-Nilsson model with a harmonic po-
tential model due to Liang, indicate that these enhancements are too small to account for
the full amplitude of the oscillations.
Similar oscillations have been observed even in the spherical Jellium model in a cal-
culation due to Puska et. al. [124]. While the evidence for ellipsoidal distortions from
photoabsorption [136] and photoelectron [93] experiments is not in doubt, this spherical
jellium result suggests that the oscillations in the polarizability can be explained by elec-
tronic effects.
An explanation due to ref. [124] makes use of the fact that the polarizability increases
with the volume of wavefunction of the highest filled electronic state. The local minima
of the polarizability curve correspond to closed electronic shells. The increase in the po-
larizability after a shell-closing corresponds to the filling of a new subshell. Why would
the size of an electronic wavefunction increase? Recall that the wavefunction with radial
quantum number n and angular momentum quantum number l must be orthogonal to all
other eigenfunctions. For the wavefunction n, l to be orthogonal to all other wavefunctions
with n = 0, ...n, l it must spread out radially. It is claimed that this increase in the radius
of the wavefunction is responsible for the increase in polarizability as a new subshell is
filled. The decrease after the local maxima correspond to the filling of a new subshell with
a value of l that is unoccupied for every lower principal quantum number. Because these
wavefunctions to not have to preserve orthogonality with lower shell wavefunctions with
1The polarizability in Figures 4.4 and 4.5 is an average of the polarizabilities along each of the principal
axes. Thus an ellipsoidal distortion can give a slight enhancement.
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the same value for l they can be packed in a lower radius.

























Tikhonov et. al. (2001)
Knight et. al. (1985)
Bulk α=9.42 ◦A3
Figure 4.4: Polarizabilities of NaN at a beam temperature of 20 K. These are derived from
our electric deflection experiment, and represent the average of 6 experimental runs. The
polarizability of Na clusters have been measured many times - The first measurement is
due to Knight et. al. [91]. Also shown is a recent measurement due to Tikhonov et. al.
[149]
There have been several experimental measurements of the polarizability of NaN [91,
129, 149]„ a comparison between these measurements and our data is plotted in Figure 4.4.
Our measurements represent a large improvement over the previous measurements. The
higher quality of this measurement is due to the low temperature, and the convenience
of the position sensitive detection technique which allows the deflections of all cluster
sizes to be measured simultaneously. While it has been predicted that the polarizability
of Na clusters will change with temperature [15] due to a phenomenon related to thermal
expansion, the key advantage of the low beam temperature is that the velocity of the beam
is much slower (≈ 300 m/s). For a constant deflection field a slower beam will show larger
deflections and thus a smaller fractional error.
There are some important caveats to the measurements above. The trimer Na3 is a
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Figure 4.5: Polarizabilities of NaN (N = 10-250) at a beam temperature of 20 K. The shell
structure of the clusters is visible in the oscillations about the descending trend. At N =
250 the clusters are still far from the polarizability of bulk Na metal which is 9.6 Å3/N.
classic example of a vibronic system, where the motion of the electrons and ions cannot
be separated (the Born-Oppenheimer approximation). The normal modes of the ions can
combine to form a type of motion where each ion moves in a circle about the vertices
of an equilateral triangle. This motion has spectroscopic consequences due to the phase
shift of the electronic wavefunction that accumulates as the ions complete each cycle of
their motion [101, 71]. This system has been investigated for Na3 and Li3, with optical
spectroscopy [25, 159, 24], and measurements of the hyperfine shifts in molecular beam
ESR experiments [72].
Because of this internal motion, it is possible that the time averaged projection of an
electric dipole moment would be different than what would be expected from a rigid rotor
model. Thus the dipole moment derived from the beam broadening could be an underesti-
mate. If this were the case the presence of an electric dipole moment would be seen as an
enhancement of the polarizability, which is what we observe in Figure 4.4.
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) NaN  per Atom Dipole Moments
(a) Dipole moments per atom for NaN recorded at a temperature of 20 K.

















NaN  Total Dipole Moments
(b) Total Dipole Moments for NaN
Figure 4.6: Per atom and total dipole moments for Na clusters. These dipole moments
are estimated from the broadening of the molecular beam in an electric field. A small
correction is applied to the
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NaN  Cluster Dipole Moments
Experiment
Theory (Solov'yov et. al.)
Figure 4.7: Comparison between the theoretical dipole moments calculated in ref. [146]
and the dipole moments determined from the residual beam broadening. In order to clearly
illustrate the magnitude of the difference between theory and experiment they are plotted
on a log scale. Clearly, the methods used in ref. [146] give a false overestimate of the
dipole moment. This is quite puzzling because the calculations in ref. [146] show excellent
agreement with experiment for the polarizability and ionization potentials. Many of the
structures for N = 14−20 are predicted to be symmetric tops, so if we assume the structures
are optimized then our measurements have quantitative significance.
It is also notable that there are two isomers predicted for Na6 in ref. [146] one is a planar
triangle with zero dipole moment, and the other is a pentagonal pyramid with a dipole
moment of around 0.5-0.6 D. The calculated energy difference between these two isomers
is large enough that we should only see the lower energy isomer at a source temperature of
20 K. However we do observe an anomalous loss of beam intensity when the electric field
is turned on for Na6. This intensity loss has been observed in multiple experiments, and in
some cases half of the beam intensity is depleted. This can be explained if there are two
isomers for Na6 in the beam, one with a dipole moment and one without.
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4.2 Niobium, Vanadium and Tantalum: Metal cluster Ferroelectricity
Vanadium, Niobium, and Tantalum clusters all lie in the same column (Group V) of the
transition metals. It was found by Moro et. al. [111] that at low temperatures nearly all of
the clusters N < 200 have electric dipole moments.
The early deflection experiments reported in ref. [111], estimated the dipole moments
from the depletion observed in the beam with the detector. Later measurements, reported
in [172, 169], were careful to observe the complete tails of the deflection profiles estimated
the dipole moments to be on the order of 0.1-0.2 D/atom.
Example deflection profiles for several Nb clusters from different size ranges are shown
in Figure 4.8. The profiles are very different from the Na cluster deflection profiles shown
in Figure 4.3.
This is a very interesting effect, and it is important to view it in the context of the
other elements. We briefly summarize the experimental facts about the Nb cluster dipole
moments, for more details see refs [172, 169, 112, 111]
• As seen in Figure 4.8, the deflection profiles show a long asymmetric tail, and a
central peak. The maximum extent of the tail is linear in the electric field. (which
corresponds to a dipole completely aligned or anti-aligned with the field)
• The beam broadening is sharply reduced as the temperature is increased (Figure 4.2,
and Figure 4.2.1). This was interpreted to mean that above a certain temperature, the
clusters become non-polar. For this reason, we refer to the clusters as ferroelectric
. The dipole moments show significant reductions starting at very low temperatures
( 50-100 K) which suggests that the energy difference between the ferroelectric and
non-polar state is minuscule ≈ 10 meV.
• Stern-Gerlach magnetic deflection experiments on NbN at low temperatures have
shown that the odd-N Nb clusters have a magnetic moment of 1µB, just as would
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Figure 4.8: Electric Deflection Profiles for Pure NbN Clusters, recorded at a temperature
of 20 K. These are measurements of the complete deflection profiles, and there is no area
loss. Many of the clusters show two sided deflections. We have tried to show representative
examples for N = 11, 16, 28, 30, 31, and 58. See the graph of dipole moments for a better
summary. Especially interesting is N = 11, which shows an average deflection toward the
low field direction, which implies that it is polarized anti-parallel to the applied electric
field.
be expected as electrons are paired by spin-up and spin-down in orbitals. The quan-
titative change in the second moment of the deflection profile indicates that this spin
is uncoupled from both the cluster lattice [112] and the total angular momentum.
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) NbN  Dipole Moments (20 K)
(a) Dipole moments per atom for NbN recorded at a temperature of 20 K.























) VN  Dipole Moments
(b) Dipole moments per atom for pure VN .






















) TaN  Dipole Moments (20 K)
(c) Dipole moments per atom for pure TaN .
Figure 4.9: Measurement of the dipole moment per atom for ferroelectric Nb, V, and Ta
clusters, at 20 K. The dipole moments are estimated from the maximum deflection. For
example profiles observe the case of the pure Nb clusters.
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Both spin-lattice and spin-rotation coupling are mediated through the spin orbit in-
teraction [22]. Spin uncoupling therefore suggests that the spin-orbit interaction is
weakened. The uncoupling of the spin appears to be closely related to the large elec-
tric dipole moments because the temperature dependence of the two phenomena is
similar. More convincing is that if the electric deflection field is placed in front of the
Stern-Gerlach magnet so that the cluster beam is depleted of the tail with the large
electric dipole moment, then the magnetic spin uncoupling also vanishes.
• The observed beam broadening shows a very strong odd-even alternation which is
most consistent in the size range N=30-100. The even-N clusters show a stronger
response to the electric field than their neighboring odd-N clusters. This odd-even al-
ternation depends on the number of valence electrons. As will be explained later, this
is most convincingly demonstrated by a series of deflection experiments on NbNXM
clusters where X is any of (O, Au, Al, Co, Fe, Mn)
There was little precedent for the observation of large electric dipole moments in a
homonuclear metal particle and several theoretical works attempted to address the dipole
moments within the framework of density functional theory [2, 3], their calculations NbN
(N < 15) were able to reproduce the experimental dipole moments for these small sizes,
and they explained the apparent disappearance of the dipole moment as an artifact of the
rotational motion of the cluster. There is some precedent in the literature [51, 5] for the idea
that the chaotic rotational motion of a highly asymmetric top clusters can lead to a reduc-
tion of the beam broadening, but this effect appears to require a significant perturbation of
the rotational motion such as a slight collision with a carrier gas molecule, so its relevance
to our experimental conditions is questionable. Furthermore our electric deflection exper-
iments on Au9 demonstrate that even a highly asymmetric rotor will still show significant
beam broadening.
Laser heating experiments described in [169, 172] performed on Nb clusters further
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support the hypothesis that the disappearance of the dipole moment with increasing tem-
perature is not due to the rotational motion. Absorption of a visible photon gives a large
increase in the internal energy but only changes the angular momentum of a cluster by ~.
The deflection profile of the laser warmed clusters is very similar to the deflection profiles
taken at near room temperature. Or course, a stronger test of this hypothesis would need to
increase the angular momentum of the cluster without raising its internal energy.
An additional problem with the calculations in refs. [2, 3] is that they do not address
the most striking experimental facts about the Nb clusters, which is the consistent odd-even
alternation of the dipole moments from N=30 to N=150. This odd even alternation is most
likely an electronic effect, as will be demonstrated by the doping experiments.
4.2.1 Other Studies of Nb Clusters
Niobium is monoisotopic and Nb clusters are easy to produce in a laser vaporization source.
As a result, there have been many experiments on Nb clusters investigating a wide variety
of physical properties. It is worth reviewing some of these experimental results to see if
there is any correlation with the large dipole moments. It should not be surprising that we
see little sign of the large dipole moments, because there have been no experiments on Nb
clusters at temperatures as low as 20 K.
Nb clusters have been studied by anion photoelectron spectroscopy in refs. [162, 82,
83]. The clusters in these studies were produced with a magnetron source, and the clusters
were cooled to 77 K, in a flow tube. The two studies cover different size ranges (up to
N=200 in ref. [162]) and are largely in agreement with one another. Large size depen-
dencies were observed for cluster sizes (N < 30), larger sizes showed a smooth behavior.
While there is no obvious correlation between the fine features of the photoelectron spectra
and the dipole moments observed in our experiments, the dipole moments are highly size
dependent for sizes N < 30, while for sizes above N = 30, the dipole moment per atom
is relatively flat with a consistent odd-even alternation. There is no odd-even alternation
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in the PES data, and the relevance of this is questionable since the electrostatic energy of
the dipole moments are smaller than the 50 meV resolution of the photoelectron spectra,
and there are additional questions as to whether the final state of the neutralized cluster
produced by photodetachment is the same as the ferroelectric state observed in the neutral
beam.
At the same time Knickelbein [87] reported an electric deflection experiment on Nb
clusters (N < 27) at a temperature of T=68 K. Large enhancements in the polarizability
above the bulk value were observed for N = 11-14. Smaller, but still significant enhance-
ments were observed for N=5-7,9,18, and 20. The deflections observed were quadratic and
not linear in the deflection field which indicates that the induced polarization is linear in the
field, but the enhancements are too large to be explained by the electronic polarizability. It
is notable that we observe similarly large dipole moments for these sizes.
The optical absorption spectrum in the visible and near UV was also measured by
Knickelbein [90] by tracking the dissociation of rare-gas complexes in a TOF mass spec-
trum. The optical absorption was found to be smooth and unstructured with a threshold.
The ionization potentials of neutral Nb clusters were measured
A similar rare-gas complex dissociation technique was recently applied to measure the
far-infrared vibrational spectrum of Nb clusters [53], V[52, 128], and Ta [61]. These clus-
ters are produced at a source temperature of 77 - 100 K. Comparison of the measured FIR
spectra with the theoretical spectra calculated from DFT calculations allows for the de-
duction of the cluster structures. Unfortunately there hasn’t been a thorough comparison
between the structures identified in [53] and the structures calculated in refs. [3].
4.2.2 Nb Alloy Clusters: Effect of Doping on Ferroelectricity
The dipole moment and the odd-even alternation is an electronic effect. The clusters which
show enhanced dipole moments are those that have an even number of electrons, not those
that have an even number niobium atoms. This line of evidence points away from theorists
89
that seek to explain the origin of the dipole moments in the cluster structure. A series
of experiment adding single impurity atoms to Nb clusters conclusively demonstrates the
electron nature of the dipoles. This work is due to Yin [172]. The VAu and TaAu alloys
have not been shown anywhere before.
To illustrate the trend: V,Nb, and Ta doped with Au which has an odd number of valence
electrons. Thus NbN with 1 Au atom added should have its odd even alternations inverted
so that they Nb clusters with an odd number of Nb atoms have larger dipole moments than
those with an even number of Nb atoms. Adding another gold restores the original odd-
even alternation pattern. The effect holds for (O, F, Al, Co, Fe). Another interesting dopant
in Mn which appears strongly reduces the dipole moments. These results are particularly
interesting because the follow the behavior of superconducting Nb alloys so closely. NbAu
alloy has a much larger TC than pure Nb and Mn is a magnetic impurity which breaks
the time-reversal symmetry required for the formation of cooper pairs. These results are
certainly suggestive that the dipole moment is related to superconductivity[172].
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) NbN  Ferroelectricity
NbN  Profile Width (20 K)
NbN  Profile Width (40 K)
Figure 4.10: Figure showing the strong reduction of the Nb beam broadening as the source
temperature is raised from 20 to 40 K. The reduction is even stronger as the temperature
is raised further to 100 K. Because the profiles for Nb clusters are strongly asymmetric we
use the overall width of the polarization distribution as a measure of the transition.
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NbN  (300 K)
NbN  (20 K)
(a) Polarizability per Atom for NbNOM clusters at room temperature




























NbN  (300 K)
NbN  (20 K)
(b) Dipole Moment per Atom for NbNOM clusters at room temperature
Figure 4.11: Results of electric deflection experiment on NbN clusters at room temperature.
To compensate for the larger velocity the beam was carried in argon instead of helium.
This reduced the velocity from 1100 m/s to 420 m/s. The beam also contained significant
numbers of oxide clusters. And many of these clusters also have significant dipole moments
at 300 K.
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) NbN Au Dipole Moments
NbN
NbN Au1
(a) Dipole moments per atom for NbNAu0,1. Note that the addition of a single Au
atom inverts the odd-even alternation of the dipole moment.
























) VN Au1  Dipole Moments
VN
VN Au1
(b) Dipole moments per atom for VNAu1.
























) TaN Au Dipole Per Atom
TaN
TaN Au1
(c) Dipole moments per atom for TaNAu1.
Figure 4.12: The effect of doping Nb, V, and Ta clusters with a single Au atom. For all
clusters addition of a single gold atom enhances the magnitude of the dipole moments and
it inverts the odd-even effect. The same pattern has been demonstrated for many other
impurity elements (O, F, Al, Co, Fe, and Ho) in ref. [172]
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) NbN Mn1  Dipole Moments
NbN
NbN Mn1
Figure 4.13: Dipole moments per atom for NbNMn0,1. Unlike the other impurities,the
addition of a single manganese atom causes a large reduction in the dipole moment
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4.3 Aluminum
Aluminum is a trivalent metal with 2 s valence electrons and 1 p valence electron. This
makes it an intermediate case between the alkali metals where the valence electrons are
derived from s orbitals, and transition metals where the valence electrons are derived from
partially localized d orbitals. In the bulk, its Fermi surface is far from the nearly spherical
shape of the Alkali and Noble metals (kF lies in the 3rd Brillouin zone) [6].
There have also also been many studies on Al clusters since they are easy to produce
with laser vaporization source. Many of these studies found evidence of shell structure,
although it is nowhere near as clear as in alkali clusters. The polarizabilities of Al clusters
were measured in an early experiment by de Heer [41], which found major discrepancies
with the jellium predictions for cluster sizes less than N = 60, the ionization potentials
were reported in refs. [140, 121].
Al clusters have also been studied in a series of anion photoelectron spectroscopy ex-
periments [58, 38, 33, 104]. Which were also focused on the observation of electronic shell
structure. The most current measurement suggests that electron shell closings occur for the
sizes
There were several theoretical works which addressed these experimental findings. [1,
79, 107, 171, 127]
Our measurement of the polarizability of Al clusters is shown in Figure 4.3 (a). A
comparison with the earlier measurement of Milani and de Heer [41] is also shown. Our
measurement covers a much larger size range, and reveals significant structure in the po-
larizability trend for cluster sizes larger than N = 60. In ref. [41] it was noted that the
polarizabilities converged to the jellium prediction at N = 60. Our experiment covers a
much larger size range and our measurements show that the convergence to the bulk (or the
jellium prediction) is far from complete at N = 60. It appears that N = 60 is only a local
maximum in a series of oscillations. In fact, the oscillations are highly reminiscent of those
observed in the Na cluster polarizabilities, although it is doubtful whether the explanation
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given for them in section 4.1.3 applies to Al.
The AlN polarizability shows local minima at N = 34, 40, 44, 52, 66, 82 and local max-
ima at N = 31, 37, 42, 46, 56, 75. The photoelectron study notes that shell closings occur
for neutral Al clusters with sizes N = 46, 52, 56, 66, 78, 80, 100, and 106. Several of these
coincide with the local extrema of the polarizability curve.
It is also notable that the fine structure in the polarizability trend differs considerably
from that reported in refs. [107, 41]. (see Figure 4.3). The amplitude of the variations
in our measurement are much smaller and the local maxima and minima do not agree. A
major difference between these two measurements is that the experiment in ref. [41] was
performed on clusters produced in a source at 300 K, while our experiment was done at
20 K. It is unclear exactly why a change in temperature from 300 K to 20 K would cause
the polarizability curve to change in this way. The fine structure in the polarizability and
dipole curves have been repeatedly observed in several different experiments at different
fields and temperatures from 20 - 40 K. The features are consistent from run to run, and the
data points plotted in Figure 4.3 is an average over these runs.




































Figure 4.14: Electric Deflection Profiles for Pure AlN Clusters, recorded at a temperature
of 20 K. These are to illustrate the visible shape of the deflection profile associated with
the dipole moments plotted in the next figure.
An analysis of the beam broadening reveals that all AlN clusters have small electric
dipole moments on the order of 0.002 - 0.004 D / atom. There are again, significant varia-
tions with cluster size that appear to be only loosely correlated with the trends observed in
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) AlN  Polarizability
Milani & de Heer (300 K)
AlN  α(N) (20-40K)
Bulk α 3.96 ◦A3





















) AlN  Dipole Moments
Figure 4.15: Polarizability and Dipole moments for AlN . The polarizability is plotted with
the previous best measurement of available [41, 110]. There are large discrepancies with
these measurements.
the polarizability. For example, N = 37 shows a large maximum in the polarizability, and
it is also at the center of a local maximum in the beam broadening, however N=36, and
N=38 show broadening of similar magnitude, but their measured polarizabilities are much
lower than N=37.
Just as for the polarizability the per atom dipole moments have been observed to have
the same value for several different deflection fields and temperatures between 20 - 40 K.
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4.4 Transition Metals: Iron, Cobalt, Manganese
Iron and cobalt clusters have been extensively studied as itinerant ferromagnets, and bulk
manganese becomes anti-ferromagnetic at 90 K. Like the bulk materials, Fe and Co clusters
are ferromagnetic down to the dimer [13, 12, 81]. For CoN and FeN , the magnetic moments
per atom are enhanced compared to the bulk values of 1.7 µB for Co and 2.2 µB for Fe. MnN
shows a
Itinerant ferromagnetism, or the spontaneous spin polarization of delocalized electronic
bands, can be understood as a trade off between the exchange energy gained by spin polar-
ization and the extra kinetic energy needed to overfill one spin band. The cost in kinetic
energy to overfill one spin band is proportional to the density of states at the Fermi level
g(EF), and the exchange energy gained is typically described by an exchange constant I
which is the strength of the exchange interaction between the spin up and spin down bands.
When g(EF)I > 1 it is predicted that the system will become ferromagnetic. While this
model (due to Stoner) is a vast oversimplification and many of its predictions are incorrect,
we can intuitively reason that any change to a system that localizes the electronic wave-
functions and thus increases g(EF) will strengthen the tendency toward ferromagnetism.
It is widely agreed [152, 119, 118, 65, 80] that the magnetic moments of small cobalt
clusters are enhanced because the d electrons are more tightly bound or localized than they
are in the bulk metal. The increased localization is a consequence of the reduced nearest
neighbor coordination in a cluster. An anion photoelectron study [100] remarkably found
large well-resolved peaks in the density of states for cluster sizes up to N = 50.
The polarizabilities of both CoN , and FeN are unremarkable with the exception of the
large polarizability enhancement for Co42−46. A similar block of clusters with enhanced
polarizability occurs weakly for Fe clusters at Fe38−39. A similar block was also observed
by Knickelbein [84] observed in a measurement of the polarizability of Ni clusters for
Ni48−52.
An analysis of the beam broadening gives an estimate for the dipole moments of around
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0.002 D / atom for most of the clusters N < 100. For dipole moments this small the beam
broadening is not qualitatively visible in the deflection profile as it is for Nb, Al, Rh, Bi and
the rare-earths. There are exceptions such as Co15, Fe12 and Fe26 which show a qualitatively
visible broadening, and we feel confident in the conclusion that these cluster sizes have
permanent dipoles.






















) CoN  Polarizability (20 K)
Bulk α=2.64 ◦A3
























) CoN  Dipole Moments
Figure 4.16: Polarizability and Dipole moments for CoN . The polarizability shows a jump
around N = 40, a feature that has also been observed in NiN clusters by [85]
For the case of manganese, we see a large 50% increase in the polarizability starting at
N=60. From N=20-60 the polarizability per atom is around around 8 Å3 and from N=65-
100 the polarizability per atom clusters around 13 Å3.
Measurements of the magnetic moments [86, 89, 16] show no obvious correlated change
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) FeN  Polarizability (20 K)
Bulk α=2.81 ◦A3























) FeN  Dipole Moments
Figure 4.17: Polarizability and Dipole moments for FeN . The polarizability shows a jump
around there is a faint remnant of the jump in polarizability around N = 40 which was also
observed for Co and Ni clusters. Also notable is the very obvious dipolar broadening for
Fe12.
in the magnetic properties at N = 60. The polarizability per atom for a metal sphere is
proportional to its volume, thus it is possible that this increase in polarizability reflects a
structural transition. In this interpretation, the clusters with N < 60 prefer a structural
arrangement that is more compact than those with N > 60. Could a transition between
a close packed and non-close packed geometry such has fcc to bcc transition account for
this change of volume? To account for the full magnitude of this change would require a
change in volume of around 50%!
The beam broadening gives a dipole moment per atom for about 0.005 D. This is too
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small to account for the magnitude of the observed polarizability enhancement. Because
there is a large amount of oxygen contamination present in the beam, and the MnNO mass
peaks are well resolved and isolated from the pure MnN peaks, we can examine the effect
of oxygen doping on the transition (Figure 4.4) We see that for the smallest cluster sizes,
adding a single oxygen atom gives a slight increase in both the dipole moment and the
effective polarizability. The differences between pure MnN and MnNO1 rapidly disappear
with increasing cluster size. The sudden increase in the polarizability at N = 60, occurs for
both Mn60 as well Mn60O1.
























) MnN  Polarizability























) MnN  Dipole Moments
Figure 4.18: Polarizability and Dipole moments for MnN .
To conclude this section we present a comparison of the polarizabilities of iron, cobalt,
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) MnN O1  Polarizability
MnN
MnN O1























) MnN O1  Dipole Moments
MnN
MnN O1
Figure 4.19: Polarizability and Dipole moments per atom for MnNO clusters, compared
with pure MnN clusters. The addition of a single oxygen atom gives an enhancement of
the dipole moment for small sizes. However the jump in the polarizability at N = 60 is
preserved.
and nickel clusters using data from an electric deflection experiment of Knickelbein [85].
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) FeN , CoN , and NiN  Polarizability
CoN
FeN
NiN  Knickelbein et. al.
Figure 4.20: Polarizabilities of FeN , CoN , and NiN plotted on the same graph. The most
notable feature is their similarity. The jump in the polarizability from Co40 to Co46 has a
very similar appearance to the peak observed in Ni47 to Ni53.
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4.5 Rhodium: Simultaneous Electric and Magnetic Moments
RhN clusters attracted widespread interest because they are ferromagnetic while the bulk
metal is non-magnetic. Our experiments show that nearly all RhN clusters have permanent
electric dipole moments. This is also in contrast with the bulk material which is a metal
and has an internal electric field of zero, and thus supports no permanent dipole moment.
This system is highly unusual as many of the RhN clusters show both electric and magnetic
polarizations. For sizes up to N=100 we still observe small electric and magnetic dipole
moments. The correlation between the two properties does not appear to be strong, and
they could in fact be entirely independent of one another. There is no obvious correlation
between the two properties so the cluster sizes which show exceptionally large electric
dipole moments are not necessarily those which have large magnetic moments.
We will take a brief diversion away from electric deflection experiments to explain
our magnetic deflection experiments on RhN as this is an important aspect of this cluster
system.
4.5.1 Magnetism of Rh clusters
The magnetism of Rh clusters was first studied experimentally by Cox et. al. [36, 37]
who performed a Stern-Gerlach deflection experiment on a beam of Rh clusters produced
in a laser vaporization source at 60 - 100K. Like Fe, Co, and Ni, Rh clusters were found
to be ferromagnetic, confirming earlier theoretical predictions due to Reddy et. al. [130].
This study was inspired by the observation of magnetic moments at the Rh surfaces, which
suggested that the increased density of states due to the reduced coordination at the metal
surface would be sufficient to favor a spontaneous spin polarization. The non-magnetism
of bulk Rh metal can be intuitively understood as a consequence of its low density of states
at the Fermi level which does not fulfill the Stoner criteria for spontaneous magnetization.
We have performed Stern-Gerlach deflection measurements on a beam of Rh clusters
very similar to those described in refs. [36, 37]. Our beam temperature is 20 - 40 K, which
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is about 2-3 times lower than the sources used in previous studies. Our measurements of
the magnetic moments are in nearly perfect agreement with the revised values quoted in
ref. [36]. (see Figure 4.5.1)
























Magnetic Moments of RhN
Cox et. al. (1994)
Figure 4.21: Magnetic moments per atom for RhN clusters at a temperature of 34 K. The
intrinsic moments are calculated by applying the Langevin susceptibility to the average
deflection of the profiles. The agreement with the earlier measurements reported in [36]
is almost perfect. Nearly all of the points lie in the error bars of ref. [36] and many data
points lie in the center of the error bars from the previous measurement.
There are some critical differences between our interpretation of the Stern-Gerlach de-
flection experiment and the interpretation given in refs.[37, 36]. Cox. et. al. claim that
the single sided deflection profiles and the field and temperature dependence of the cluster
magnetization is a consequence of superparamagnetic relaxation. The superparamagnetic
model assumes that the giant spin in a magnetic field is rapidly exchanging energy and an-
gular momentum with a heat bath at temperature T . This model will indeed give the correct
Langevin-Debye susceptibility for the average magnetization, but the assumptions that this
model depends on do not apply to a free cluster in a molecular beam. The essence of the
problem is that there is no heat bath for thermal relaxation to take place once a cluster has
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left the source. It was proposed that the excited vibrations of the cluster could function as
a heat bath, but the Debye temperature for rhodium is 480 K so at 20 K the vast majority
of clusters in the beam are in the vibrational ground state[167, 168].
Another difficulty with the superparamagnetic model is that it cannot account for the
shapes of the observed deflection profiles. If the superparamagnetic model were correct,
then every cluster in the beam would quickly lose memory of its initial conditions when it
enters the deflection field, and the deflection in the magnet would reflect thermal equilib-
rium with the heat bath it is assumed to be interacting with. Thus, every cluster should ex-
perience the same deflection, and there should be no broadening of the beam. This is very
different from what is actually observed in the experiment. Refer again to Figure 4.5.1.
The profile shown there which is consistent with the predictions of the superparamagnetic
model is Rh18, which shows a single sided deflection and little or no broadening. Rh7,Rh17,
and Rh21 actually clearly show double sided deflections, Rh15 Rh16 and Rh19 show a single
sided weakly broadened peak on top of a long asymmetric tail. When we computed the
magnetic moments in Figure 4.5.1 we were careful to included both sides of the deflection














The most likely explanation for varying shapes of the deflection profiles observed in
Figure4.5.1 is differences in the magnetic anisotropy forces which bind the cluster’s mag-
netic moment to a particular direction in the cluster’s body-fixed coordinate system. For
anisotropy which is much stronger than the applied deflection field, or the rotational en-
ergy, the magnetic moment will be rigidly fixed in the cluster body and a “locked-moment”
model similar to that discussed for electric dipoles will apply. This type of model can nicely
account for the profiles where two sided deflections are observed, but cannot correctly re-
produce the deflection profiles which are single sided, except for much stronger fields or
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Figure 4.22: Magnetic deflection profiles of RhN clusters at a temperature of 34 K, and
B = 0.95 T. Several selected sizes are shown to illustrate the variation in the deflection
profiles which appear. N=6 shows no deflection, N=7,17, and 21 show strong two-sided
deflections, N=15,16,19 show single sided, but highly asymmetric profiles with a long tail.
N=18 shows a single sided deflection with little broadening
lower temperatures that could possibly apply.
The adiabatic magnetization model discussed in ref. [168], gives deflection profiles
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with single sided deflections and significant broadening, but we haven’t actually tested it
to see if it can correctly reproduce the observed deflection profiles. This model assumes
that the moment is due to a macro spin and that S z is a good quantum number, and all
other interactions, such as spin-orbit, spin-rotation, and anisotropy are treated as weak
perturbations which cause level crossings to be avoided. The physical parameters of cluster
only enter the model through the density of states. The avoided crossing model takes a
delightfully agnostic point of view on whether the quantum states at zero field line of the
Zeeman diagram are rotational, vibrational, or electronic states.
The only remaining mystery is Rh18 - it shows a single sided deflection with little
broadening - which is exactly what would be predicted if superparamagnetic relaxation
were taking place. Since the assumptions required for superparamagnetic relaxation are
so implausible, there should be an adiabatic explanation for this narrow distribution. One
possibility is that Rh18 is a highly asymmetric rotor with a rigidly locked magnetic moment
that is tumbling chaotically in the deflection field. There have been a few early theoretical
and experimental [48, 5, 5, 51] works which suggest that fully developed chaotic motion
can have effects which are very similar to thermal relaxation.
4.5.2 Electric Properties, permanent dipole Moments
Now we return to the discussion of electric deflections of Rh clusters.
RhN clusters have been studied by electric deflection methods before, by Bayer and
Knickelbein. The only reported quantitative values for the polarizabilities, although they
did note that the temperature dependence of the polarizability suggested the presence of
dipole moments. Our measurements for the RhN polarizability are in excellent agreement
with their 42 K measurements, measurements cover a much larger range of cluster sizes.
We also observe a significant amount of beam broadening, which allows us to derive esti-
mates for the dipole moments. The dipole moments per atom are shown in Figure 4.5.2,
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the deflection profiles for select sizes are shown as insets to illustrate the qualitative differ-
ence between in deflection profile that the oscillations correspond to. The fine structure in
the measurements are reproducible from run to run, and unlike Nb,V, and Ta we find no








Figure 4.23: Electric dipole moments per atom for RhN clusters averaged at several tem-
peratures. The dipole moments are insensitive to temperature in the range T = 10 - 50 K.
Insets show deflection profiles of selected clusters to illustrate the qualitative shapes of the
deflection profiles.
4.5.3 Connections between the dipole moment and the chemical reactivity?
Much recent work on RhN has been motivated by potential applications in catalysis. There
have been many attempts to relate the physical properties of clusters measured in beam
experiments such as the polarizabilities, ionization potentials, electron affinities, binding
energies, etc. with their chemical reactivity in different reactions. The most successful
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of these has been the relationship between the electron affinity (EA) and the reactivity as
discussed by Knickelbein [84]. Without going into too great of depth on the topic we give
one example of where the per atom dipole moments of neutral Rh clusters seem to correlate
reasonably well with the rate constants for a reaction between charged Rh clusters and N2O.
The rate constants for this reaction have been measured by in a gas-phase experiment
due to MacKenzie et. al. [70]. The principle of an FT-ICR (Fourier Transform Ion-
Cyclotron Resonance) experiment is easy to explain. Charged clusters are produced in
a laser-vaporization source, and directed into the bore of large superconducting magnet.
The large magnetic field causes the charged clusters to orbit in cyclotron orbits. The fre-
quency of the cyclotron orbit depends on the charge to mass ratio as ωc =
Bq
m , and the
orbiting charged particles will induce a periodic voltage in metal electrodes which are ar-
ranged concentrically around the chamber where the clusters orbit. Thus the abundance
of any charged species in an FT-ICR is directly related to the amplitude of the frequency
component of a cyclotron orbit with that mass.
To measure the reaction rates between cluster ions and a gaseous molecule a small
pressure of the reactant is admitted to the chamber and the depletion of the cluster-reactant
compound is monitored in time. The experiment found that the rate constant for the reaction
with N2O varies over several orders of magnitude as a function of cluster size. The log rate
constants are plotted against the measured dipole moments in Figure 4.5.3
The theoretical estimates for the rate constants used in ref.[70] are calculated with the
surface charge capture (SCC) model due to Kummerlöwe and Beyer [95]. It is interesting
to note that this model is essentially a metal sphere model which assumes that all of the
excess charge of a charged cluster is distributed on the surface, just as for a classical metal
sphere [77]. Because of the measured electric dipole moments of the neutral, it is very
likely that this model gives an inaccurate description of the charge density on the surface
of a Rh cluster cation/anion.
It is noteworthy that this model gives much more accurate agreement for many other
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reactions with Rh clusters, such as CO, NO, benzene, etc. For these reactions there is
apparently little or no correlation between the measured dipole moments and the chemical
reactivity.
Even for N2O the correlation is far from perfect. There doesn’t appear to be any clear
quantitative relationship between the measured per atom dipole moments and the N2O rate
constants. The agreement is best in that the dipoles and rate constants share many local
maxima and minima. This suggests that the N2O reaction is probing some aspect of the Rh
clusters electronic structure that is being missed by reactions with CO, NO, etc.
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) RhN  Polarizability
Bayer et. al. (2007)
Bulk α=3.29 ◦A3
























) RhN  Polarizability
Bulk α=3.29 ◦A3
Figure 4.24: Polarizability of RhN Clusters. Our measurements agree well with the work
of Bayer and Knickelbein [11]. Their work was taken at a temperature of 49 K, and our
data is taken at 20 K. From N = 20-95 there is a slight increasing trend in polarizability
with cluster size. This increase in effective polarizability with cluster size is consistent with
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Figure 4.25: Correlation of the N2O reactivity and the per atom dipole moments. Rate
constants for gas phase reactivity between RhN cations and anions and N2O. These data are
from an experiment by Harding et. al. [70]. The correlation is far from perfect but it is
notable that the two curves have minima at corresponding sizes.
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4.6 Gold
The ionization potentials of neutral Au clusters are larger than the 6.45 eV photon energy of
the ArF excimer laser. Thus we only have conclusive measurements for Au9 and Au11. The
mass spectrum for the Au clusters that we record with a photon energy of 6.45 eV is shown
in Figure 4.26. This prevents us from making any conclusions about the size dependence
of the polarizabilities and dipole moments, but these two clusters are still worth discussing.
There is a large literature on the chemistry Au clusters [125] and there have been many
experimental and theoretical efforts to determine their structures. These studies suggest
that Au9 is a highly asymmetric rotor. Thus a deflection experiment on Au9 provides a
useful test case to investigate the deflection dynamics of an cluster that is known to have an
asymmetric structure.
Our molecular beam electric deflection experiments reveal that the neutral Au9 cluster
shows a symmetric two-sided deflection profile,(Figure ??) which is the signature of a
permanent electric dipole moment. If we apply the same spherical top model to relate the
observed beam broadening to the dipole moment we estimate that it Au9 has an electric
dipole moment of around 0.285 ± 0.048 D. The neutral Au11 cluster shows no visible beam
broadening so we conclude that it’s dipole moment is zero within experimental error.
The far-infrared vibrational spectra of these clusters, in the range 50 - 250 cm−1, allows
the cluster structures to be assigned. As previously predicted, Au9 is a planar double-
capped hexagon with C2v symmetry. The FIR spectrum and the dipole measurement
strongly support a D3h structure for Au11 which has a three-fold axis normal to a mirror
plane.
Calculation of the electric dipole moments using methods of quantum chemistry in a
system with delocalized electrons such as a metal cluster is a delicate matter. The electro-
static energy of a 1 Debye dipole moment is on the order of a few meV, and other sources
of error such as the choice of grid size for integration of the charge density can lead to
erroneous results. While there are many covalently bonded systems with dipole moments
114
known to great precision, there are few examples of homonuclear cluster systems which
can be used to test these methods. Two different calculations using density function theory
(one using the LDA, and the other using a gradient dependent functional, both estimate
dipole moments on the order of 0.28 D - 0.32 D. These dipole moments are very close
the the experimentally measured value, which suggests that in this case at least DFT is
accurately reproducing the dipole moments.
Small gold clusters [63] are of technical interest for their application as catalysts [174]
(e.g. oxidation of CO), and low-toxicity fluorophores [176] for biological imaging. For
catalysis, Recent work has emphasized the critical role of the support for catalysis on MgO
surfaces [175, 174, 173]. and IR spectroscopy has identified the effect of activation by
measuring shifts in the stretching frequency of molecules adsorbed on transition metal
clusters. [103].
Among small Au clusters Au9 and Au11 have the lowest ionization potentials (which
is why we are able to observe them). Following [84] suggests that they should be active
chemically [84].
The geometry of Na clusters with a lone s valence electron, is determined by the de-
generacy of the electronic shells. For Au the d band overlaps in energy with the s band,
causing the interatomic bonds to become highly directional. Thus the geometric structure
is expected to be much more significant. This directional bonding causes the small Au
clusters to prefer geometries quite different from the from spheroids or close-packed icosa-
hedral structures. Many small Au clusters have a planar structures [166] and some larger
ones have been shown to arrange in hollow cages [28]. From a theoretical perspective, these
structures emphasize the importance of properly accounting for the relativistic corrections
to the electronic energy. [68, 69]
The deflection profiles are shown in Figure 4.27 The qualitative difference between Au9
and Au11 is very clear. Au9 is broadened symmetrically about the center of the beam, where
Au11 is not broadened at all, only slightly shifted. Two scales are plotted: (1) where the
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Figure 4.26: Mass spectrum for Au cluster beam recorded with an ionization wavelength
of 193 nm (6.45 eV). At this wavelength only Au9 and Au11 have ionization potentials low
enough to have enough signal for a deflection experiment.
time of flight has been converted to deflection by the position sensitivity calibration and (2)
where the deflection has been converted to polarization in Debye. This scale corresponds
to how far a perfectly aligned dipole moment would be deflected in the field.
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Figure 4.27: Deflection profiles for Au9 and Au11.
Two qualitative features of the profiles are worth comment: First, Au9 shows deflection
toward both the high field and low field directions. The deflections toward the high field
side imply that the dipole moment spends the majority of its time oriented anti-parallel to
the field.
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0.02  1 so the energy of the dipole moment in the deflection field is very small compared
to the rotational energy. Thus we expect the field to exert a weak perturbation on the
rotational motion of the cluster.
Although the qualitative features of the deflection profile, specifically the large width,
and the symmetric deflection toward both sides unambiguously implies a dipole moment,
there is still some systematic error possible with the use of a spherical rotor model to relate
its numerical value to the broadening observed.
(a) Au9 (b) Au11
Figure 4.28: Far infrared spectrum measured with a free electron laser (FELIX) the exper-
imental spectrum is compared with the theoretically calculated spectrum from DFT calcu-
lation. This result is due to for Au9 and Au11. The experimental setup was described in
[63]
The structure of a cluster can be determined by using an optimization procedure to find
an arrangement of atoms and bonds which matches an experimentally measured spectrum.
The because the attached rare-gas atoms break the symmetry of the cluster, the breath-
ing modes (which would ordinarily not be IR active) can be included in the FIR spectra.
The measured FIR spectra shows vibrations at low energies - around 50 cm−1 for Au9
and the theory predicts a band of vibrations at around 25 cm−1 for Au11. Note that: 30 K
≈ 3 meV ≈ 25 cm−1 so this is evidence that even in a beam temperature of 30 should be a
substantial number of weakly vibrationally excited clusters in the beam. It is still doubtful
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that having a few vibrations excited would make any difference in the thermal relaxation
of electric or magnetic dipole moments, but it indeed interesting that the vibrations are
accessible at this energies.
This is worth considering in light of the simple estimate of the lowest vibrational mode
based on the “quantization” of acoustic waves. The Debye temperature of fcc gold is 150
K so a very crude estimate of the lowest vibration energy is TDebyeN(1/3) ≈ 72K ≈ 59cm
−1, which
is reasonably close to what is seen in the measured spectrum.
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4.7 Bismuth
In the bulk, bismuth is classified as a semi-metal. The technical meaning of this is that at
zero temperature the carrier density will still be non zero. It has a very low conductivity
(7.7 × 104 S/m), and a very low melting temperature (544 K). It is in the nitrogen group
of the periodic table, it is most famous for the largest diamagnetic susceptibility [29] (χ =
1.5 × 10−4) of any metal.
Unlike Lead, Bismuth does not become superconducting down to the lowest tempera-
tures. This is again a consequence of the low density of states at the Fermi level.
Both of these above properties are highly dependent on the geometry of the crystal. If
the Bi is deformed slightly then the band structure and thus the area of the Fermi surface
changes. In fact there have been extensive ARPES studies of the surfaces of Bi (see ref. [75]
for a review). At a crystalline surface the crystal will distort to reduce the surface energy.
These distortions change the density of states, and this can have a dramatic effect, with
some crystallographic faces becoming metallic, and others becoming semiconducting.
It is very easy to produce an intense pulsed beam of bismuth clusters in a laser vapor-
ization source [115, 141, 164]. Of all of the materials we have worked with Bi produces
the most intense cluster beam, for the smallest power of the ablation laser. The polarizabil-
ity curve shows a rapid convergence to the bulk polarizability with a slight enhancement
over it. Part of this enhancement reflects the partial orientation of the permanent dipole
moments.
The most remarkable finding is the dipole moments. Bi clusters at low temperatures
show dipole moments that are slightly smaller than Nb clusters, but they show the most
consistent odd-even alternation observed in any element. The even-N Bi clusters have
larger dipole moments than the odd-N clusters. It is unclear what if any the relationship is
to the dipole moments of Nb,V,and Ta clusters which also show an odd-even alternation.
The dipole moments for BiN are independent of temperature in the range from 20 -

























) BiN  Polarizability (20 K)
Bulk α 8.4 ◦A3
(a) Polarizabilities for pure bismuth clusters





















) BiN  Dipole Moments (20 K)
(b) Dipole moments per atom for pure bismuth clusters.
Figure 4.29: Polarizabilities and dipole moments for pure bismuth clusters. The polariz-
ability is relatively close to the bulk value which suggests little spillout, and that the density
of the clusters is very close to the bulk value. The dipole moments show a large odd-even
alternation.
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4.8 Rare Earths: Praseodymium, Terbium, Holmium and Thulium
The rare earth metals are trivalent and all are metallic in the bulk. They are all reactive
with water and air and form a layer of oxide, Because of this oxide layer, the cluster beam
produced by laser vaporization contains many single oxide, double oxide, and hydroxide
clusters.
The main focus of our work on the RE’s was their magnetic properties, but we will
include the results of our electric deflection experiments on these elements in this chapter.
They show a rich diversity of behavior. The results with oxygen doping for TbN are es-
pecially interesting. For some cluster sizes the addition of an oxygen atom gives a large
enhancement of the dipole moment, while for other sizes doping with oxygen has no effect
- almost as if the charge inhomogeneity had been eliminated by metallic screening.
The trends in polarizability are similar for PrN , TbN , and HoN . TmN shows radically
different behavior.
4.8.1 Thulium Clusters: Fluctuating Dipole Moments
Figure 4.35 shows the effective polarizability of TmN clusters. It is very different from the
other RE materials. Note the large peaks in the size trend polarizability of TmN compared
to the other lanthanides. It is difficult to believe these enhancements as large as 60Å3 per
atom, can be accounted for by an unusual geometric structure or electronic spillout, thus the
most likely explanation is a permanent dipole moment. The dipole moments derived from
the beam broadening are too small to account for the observed polarizability enhancement.
Further evidence against a rigidly fixed dipole moment is the small broadening (Figure 4.35
(b)) and the temperature dependence of the polarizability enhancement. (Figure 4.35 (a))
However, the deflection profiles are single sided and show little broadening - this implies
that the dipole moment must be fluctuating inside of the deflection field.
This property is a great mystery at present and requires more study.
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) PrN O0,1 Polarizability
Bulk α 8.25 ◦A3
(a) Polarizabilities for praseodymium clusters





















) PrN O0,1 Dipole Moments
(b) Dipole moments per atom for praseodymium clusters.
Figure 4.30: Polarizabilities and dipole moments for pure and oxide praseodymium clus-
ters. The error-bars are larger because there is an overlap of the pure cluster mass peak with
the hydride. The PrNH clusters account for 5-10% of the total intensity. For the oxide the
overlap with the Hydroxide becomes much larger and we have excluded this peaks from
the measurement.
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(a) Ho8: 0.17 Debye



















(b) Ho20: 0.21 Debye
Figure 4.31: Deflection profiles for Ho8 and Ho20. Note the broadening of the deflection
profile which is the signature of a permanent electric dipole moment. If we use a spherical
rotor model in the pEkBTR  1, we get values of 0.17 D and 0.21 D for Ho8 and Ho20 respec-
tively. This estimate is only semiquantitative because we don’t know the structure of the
cluster and we have assumed that the rotational temperature is close to the source temper-
ature. Symmetric tops have slightly different constants which relate the broadening to the
dipole moment depending on whether the cluster is prolate or oblate. The beam broadening
is far too large to be explained by an velocity dispersion or field inhomogeneities. For Ho8
there is a clearly visible amount of deflection toward the low field direction which implies
that the cluster has a net polarization parallel to the applied electric field. This is clear proof
of a dipole moment.
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) HoN  Polarizability
Bulk α 7.43 ◦A3
(a) Polarizabilities for pure holmium clusters























) HoN  Dipole Moments
(b) Dipole moments per atom for pure holmium clusters.
Figure 4.32: Polarizabilities and dipole moments for pure holmium clusters. The polar-
izability is enhanced above the bulk value, and nearly all clusters show a small residual
broadening consistent with dipole moments of around 0.005 D / atom. There are several
sizes which stand out from the baseline with larger dipole moments.
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) TbN O0,1 Polarizability
TbN
TbN O1
Bulk α 7.66 ◦A3
(a) Polarizabilities for terbium clusters.





















) TbN O0,1 Dipole Moments
TbN
TbN O1
(b) Dipole moments per atom for terbium clusters.
Figure 4.33: Polarizabilities and dipole moments for pure terbium and terbium oxide clus-
ters. For most sizes the addition of a single oxygen atom gives a dramatic increase, im-
plying that the oxygen atom distorts the charge distribution in the cluster in a way which
cannot be screened by the valence electrons.




















































Figure 4.34: Electric Deflection Profiles for Tm Clusters
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) TmN  Polarizability vs. Temp
Tm 20 K
Tm 80 K
Bulk α 7 ◦A3
(a) Effective Polarizability for TmN (













TmN  Polarization Width (20 K - 80 K)
Tm 20 K
Tm 80 K
(b) Width of Polarization Distribution of TmN
Figure 4.35: Polarizabilities and dipole moments for Tm clusters at 20 K and 80 K. Note
the very large reduction in the effective polarizability with increased temperature. The
width of the polarization distribution shown in (b) shows little or no reduction with in-
crease of temperature this suggests that there is a relaxation process taking place. Possible




MAGNETISM OF RARE EARTH CLUSTERS
5.1 Background
























Magnetic Moments of TmN , and PrN
TmN  (23 K)
PrN  (24 K)
Figure 5.1: Magnetic moments per atom for Pr and Tm clusters at a temperature of 15 K.
This chapter presents a series of Stern-Gerlach deflection experiments on free cluster
beams made from the lanthanide series of elements. (PrN , HoN , TbN , and TmN) The lan-
thanide series of the periodic table is constructed from the filling of the atomic 4 f shell.
The atomic moments of these elements are due to the combined spin and orbital moments
of the partially filled 4 f shells. Because these 4 f shells remain close to the nucleus, in
many cases the atomic moments are preserved in the solid state.
The direct exchange between neighboring 4 f shells is negligible so the exchange which
couples together the atomic moments is indirect and mediated through an oscillating spin
polarization of the conduction electrons, called the RKKY (Ruderman, Kittel, Kasuya,
Yosida) interaction.
Depending the exact distance between two atomic sites the coupling can be ferro or anti
ferromagnetic. These competing magnetic interactions responsible for the rich varieties of
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magnetic order which are found in the bulk rare earth metals. Examples include the helical
anti-ferromagnetic phase found in Ho and Tm.[78]
There have been many studies of rare earth clusters of Gd, Dy, and Tb before, but to our
knowledge, this is the first experimental study on the magnetic properties of free Pr, Ho,
or Tm clusters. We performed magnetic deflection experiments on all four pure elements
over a wide range of fields and temperatures. In order to facilitate a comparison across the
elements we analyze the profiles by calculating the Langevin magnetic moments from the
average magnetization M̄.






Where the approximation is valid in the low-field / high temperature region. Pr and Tm
clusters appear to follow the Langevin law rather well, Tb and Ho are very different and as
the temperature is raised from 20 K to 200 K they show large apparent changes of their net
magnetic moments accompanied by large changes in the width of the deflection profiles.
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Magnetic Moments of PrN , TbN , HoN , and TmN
TbN  (77 K)
HoN  (54 K)
TmN  (23 K)
PrN  (24 K)
Figure 5.2: Magnetic moments per atom for the 4 lanthanide cluster systems studied. The
magnetic moments are calculated by applying the Langevin formula to the average mag-
netization. For all of the elements, the field dependence of the magnetization is consistent
with the Langevin theory, meaning that the moments calculated from experiments with
different deflection fields give the same magnetic moments. The magnetic moments of
TbN and HoN appear to decrease as the temperature is increased. The point we wish to




Unlike the bulk material which is non-magnetic down to 50 mK [78], Pr clusters are mag-
netic up to at least room temperature. The crystal field splitting is very large in Pr (13 meV),
and as a result the ground state for the Pr ion in the crystal is a singlet state with no mag-
netic moment. The paramagnetism of Pr follows the law of van Vleck where the magnetic
moment is restored by a perturbative mixing of with excited states with larger magnetic
moments. In a cluster the geometric structure is very different with lower symmetry so it is
more likely that the Pr ions retain some of their atomic moments.
Praseodymium clusters have small magnetic moments of ≈ 1 − 2µB/atom. (see Fig-
ure 5.1) This is confirmed by many experiments over a range of fields and temperatures.
The magnetization of PrN is well-described by the Langevin susceptibility. The magnetic
moments of most Pr clusters are independent of temperature, but certain sizes (e.g. N = 13)
show a significant change in the moment with temperature. There is also a consistent odd-
even alternation in the moments from N=10 - N=20, with odd-N clusters showing slightly
larger per-atom magnetic moments.
The low moments and temperature response can be explained by a Heisenberg model
(see ref. [32, 114]) with competing ferro and anti-ferromagnetic interactions between the
atomic moments in the cluster. This frustration of the local moments can result in the
formation of a canted ground state where the local moments are oriented non-collinearly,
which reduces the net magnetic moment.
This ground state calculated in Ref. [32] has many spin excited states separated from the
ground state by small gaps, so the magnetization should be highly sensitive to temperature.
The calculated temperature dependence of the magnetization is shown that in Figure ??
Our experiment can not distinguish between the case where the net magnetic moment
is reduced due to antiferromagnetism or canting, and a case where (like the bulk material)
the local moments of lattice sites is reduced through a crystal field splitting of the atomic
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(a) PrN Langevin Moments per Atom for T = 20 − 50 K



























(b) PrN Langevin Total Moments for T = 23, 51 and 160 K
Figure 5.3: Per atom and total magnetic moments of praseodymium clusters for temper-
atures 20-50 K. The magnetic moments (derived from the Langevin function) of most Pr
clusters show no significant temperature dependence in this range of temperatures. Ex-
ceptions include Pr10, Pr13, and Pr34. The field dependence of the magnetization is also
consistent with the Langevin form, and several of the series plotted above represent an
average over multiple experiments at different fields.
4 f levels. All we measure is the net magnetic moment.
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Moment of Pr13 vs. Temperature
Figure 5.4: Temperature dependence of the Langevin moment of Pr13. This behavior is
similar to a model proposed by Cirovski et. al.
Figure 5.5: Temperature dependence of the magnetization in the model calculated by
Cirovski et. al. [32] γ is a parameter of the model which models the ratio of the




Like PrN , TmN shows very small per atom magnetic moments (2.5 - 1.0 µB/N), well below
the atomic value of 7.5 µB. Unlike PrN however, TmN shows a small but significant change
in the magnetic moment for temperatures between 20 - 189 K.






























(a) TmN Langevin Moments for T = 20 − 50 K



























(b) TmN Langevin Moments for T = 23, 51 and 160 K
Figure 5.6: Temperature dependence of the Langevin moment of TmN . There is a small
but significant increase in the moment from 20 - 50 K. Some clusters sizes show a larger in-
crease than others. (e.g. Tm20 and Tm20. The magnetic moment, measured by the Langevin
function decreases once again as the temperature is raised further. At T = 160 it returns to
its value at 20 K. Note that the changes in the measured magnetic moments are very small,
but they vary from cluster size to cluster size. Also the rising and falling of the apparent
magnetic moment has been predicted by the geometric frustration model given in [114, 32]
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5.2.3 Holmium and Terbium
HoN and TbN show similar size dependence in their magnetic moments with local minima
at the same cluster sizes. Many of these local minima have been previously observed in Gd,
Tb, and Dy clusters [35, 26]. This close parallel between the different elements suggests
that these clusters have similar structures.
If we refer to Figure 4.33 in the previous chapter which measured the change in the
electric dipole moment of TbN when a single oxygen atom was added we find that the
dipole moments of TbNO1 has local minima at the same cluster sizes (N = 17, 22, and 27)
that the magnetic moment of pure TbN clusters shows a local minima.
Attachment of an oxygen atom should distort the charge distribution inside of the clus-
ter, as the remaining non-oxidized conduction electrons attempt to screen the charge inho-
mogeneities of the oxygen atom. Our conclusion is: the cluster sizes which have reduced
magnetic moments relative to their neighbors (N = 11, 17, 22, 27) are also more effective
than their neighbors at screening out the charge inhomogeneities caused by attachment of
an oxygen atom. This relation completely fails for N = 11.
TbN shows a large reduction in µ for temperatures above 120 K. This has been explained
by [35, 26] as a transition from locked moment to superparamagnetic behavior. However
our interpretation is different. We do not observe the two-sided deflections which would
be expected of locked-moment behavior at low temperature. This suggests that some other
dynamical process is determining the deflection dynamics. The detailed theory remains to
be worked out.
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Figure 5.7: Magnetic deflection profiles of two Ho clusters showing the single sided de-
flections.
Figure 5.8: Magnetization distribution for Tb21 taken at 77 K and 189 K. This illustrates
the large change in magnetic response that takes place as the temperature is increased.
The width of the profile is reduced, and the magnetic moment (calculated by the Langevin
function is reduced by a factor of 3.
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Langevin Moments for TbN  (77 - 187 K)
TbN  (77 K)
TbN  (187 K)
Figure 5.9: Temperature dependence of the Langevin moments for TbN for TbN clusters.
137
5.2.4 Effect of Oxygen Doping
Doping with oxygen has little effect on the magnetism of rare earth clusters. (Figure 5.10)
Exceptions include Tb7 and Tb21. Tb7 also acquires a large electric dipole moment when
oxygen is attached, and its magnetic moment is greatly enhanced. Oxygen gives a slight
enhancement to the electric dipole of Tb21 and reduces the magnetic response.


























Langevin Moments for TbN O0,1
TbN  (77 K)
TbN O1  (77 K)
Figure 5.10: Langevin magnetic moments for TbNO0,1 clusters measured at 77 K.



















Oxygen Enhancement of Tb7  Magnetism
Tb7  Field On
Tb7  Field On

















Oxygen Enhancement of Tb21 Magnetism
Field Off
Tb21 Field On
Tb21O1  Field On
Figure 5.11: Deflection profiles for two Tb clusters which show a large change in mag-
netism upon oxygen doping. Tb7 has a tiny moment while while Tb7O1 shows a large
enhancement to 6µB / atom. Tb21 shows a large reduction in its magnetic moment upon the
addition of a single oxygen atom. These two are exceptions - oxygen shows no effect on
most of the TbN clusters measured. This is similar to the earlier findings of ref. [26]
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5.3 Previous Work
Previous experimental studies have explored the properties of GdN [44, 45, 35, 26, 59] DyN
[122, 123, 26, 35], and TbN clusters [35, 26]
The conclusions of the previous studies cited above were not all in agreement with one
another. Refs.[44, 45, 35, 26] described the deflection profiles as consisting of two popu-
lations - one “locked-moment” population with a long broad tail, and a superparamagnetic
population which was narrow in width and followed the Langevin law. The relative frac-
tion of these two populations changed with temperature, with the SP fraction dominating at
higher temperatures. The “magic number” sizes (which are the local minima in Figure 5.1)
were claimed to be superparamagnetic at all temperatures. There also reported some ad-
dition observations which could not be explained within this framework, such as magnetic
moments that increased with temperature.
A major difficulty with applying the locked moment model to the analysis of the Tb,
or Ho deflection profiles is that the locked moment model (see Chapter. 3) predicts two-
sided deflections especially in the low field. This does not even qualitatively agree with the
experimentally observed profiles which are all single sided.
Gerion et. al. in Ref. [59] challenged the two species conclusion by noting that the
central peak in the low-temperature profiles for Gd22 described in [35] does not follow the
superparamagnetic response (M ∝ B/T ). This suggests that there is some other mechanism
responsible for the observed long tails at low temperature.
There were also several theoretical attempts to address these experimental findings
[114, 32, 102], and the critical importance of geometric structure on the magnetic prop-
erties of these cluster systems was recently studied by López-Urias et. al. [102].
5.4 Overview of Bulk Lanthanide Magnetism
There have been many highly detailed studies of bulk lanthanide magnetism, and many of
the known facts are nicely summarized in two excellent books refs.[78, 147].
139
Table 5.1 summarizes the ionic magnetic moments and the bulk saturation magnetiza-
tion of the lanthanide elements.
Table 5.1: Summary of atomic and bulk saturation magnetic moments for rare earth metals.
Data is taken from various tables found in refs. [6, 78, 147]. TC is reserved for a true
transition to ferromagnetism. TN refers to a transition to either an antiferromagnetic or a
helical antiferromagnet.
Element µatomic (µB) µsat structure TN TC
Ce 2.54 0.6 dhcp/fcc 13.7 -
Pr 3.58 2.7 dhcp 0.05 -
Nd 3.62 2.2 dhcp 19.9 -
Pm 3.68 - dhcp - -
Sm 0.85 0.13 rhom 14.0 -
Eu 0.00 5.1 bcc 90.4 -
Gd 7.94 7.63 hcp - 293
Tb 9.72 9.34 hcp 230 220
Dy 10.64 10.33 hcp 179 89
Ho 10.60 10.34 hcp 132 20
Er 9.9 9.1 hcp 85 20
Tm 7.56 7.14 hcp 58 32
Yb 4.53 9.320 fcc - -
5.4.1 Heisenberg Model with Competing Interactions
The simplest model of the magnetism of the 4f elements views them as a prototype of
local moment or Heisenberg model of magnetism. In this picture each atomic site has a
localized magnetic moment that is coupled by an exchange interaction to the moments of




Ji jµi · µ j (5.3)
µi is the local moment on site i, and the summation is over all pairs of atomic sites. This
model is very flexible in that the exchange constants Ji j are not necessarily equal for all
pairs of atomic sites. This allows some pairs of sites to be coupled by ferromagnetic bonds
and other pairs of sites to be coupled by anti-ferromagnetic bonds.
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There are few exactly soluble cases of this model, so in practice it is simpler to simply
run numerical simulations. The simplest case of such a frustrated magnetic lattice is a tri-
angle of local moments with all pairs of moments coupled by an antiferromagnetic bond.
All of the exchange bonds cannot be satisfied simultaneously, so the system must compro-
mise. One possibility is to take on a non-collinear arrangement of the spins called a canted
arrangement.
  
Figure 5.12: Cartoon illustrating the canted spin arrangement for Gd13, described by Pap-
pas et.al.[114]. The non-collinear arrangement of spins is a consequence of the spin frustra-
tion that results from competing ferro and anti-ferromagnetic interaction within the cluster.
Note that this illustration is only a cartoon. There have been no direct observations of this
spin arrangement.
In the bulk lanthanides, the exchange constant Ji j between two lattice sites is taken to
be a function of the distance between these two sites Ji j = J(|Ri − R j|).
J(R) = J0
2kFR cos(2kFR) − sin(2kFR)
(2kFR)4
(5.4)
The decaying oscillations in the spin polarization of the conduction electrons is analo-
gous to the Gibbs phenomenon or ringing oscillations that result when one tries to approx-
imate a discontinuity in a function by a sum of a finite bandwidth of sinusoids. In order for
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Figure 5.13: Spatial dependence of the indirect exchange (RKKY) interaction in bulk rare
earth metals. For spins in the red-shaded are the coupling is ferromagnetic while spin in the
blue shaded area experience an antiferromagnetic interaction. In bulk materials this spatial
dependence has a key role in the spatially modulated forms of magnetic order which occur.
While the assumptions used to derive this specific form are of doubtful validity in a finite
cluster, the general principle of an exchange interaction mediated through the conduction
electrons should still apply[32, 114]
the conduction electrons to completely cancel the local moment of the ion, it would have
create a spin polarization which varies on the length scale of ion. The smallest length scale
on which the spin polarization of the conduction electrons can vary is determined by the
“bandwidth” of available electronic states near the Fermi level. Because this bandwidth is
finite, there will be “ringing”.
In a simple cluster, the electronic wavefunctions aren’t planewaves - they are at best
more like spherical standing waves. So the spatial dependence of the indirect exchange
interaction is likely to be very different. Ref. [114] assumed a form where nearest neigh-
bor atoms were ferromagnetically coupled while next nearest neighbor atoms were anti-
ferromagnetically coupled. The existence of magnetic order proves that there is still some
exchange coupling, so the RKKY mechanism must still be operative.
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5.5 Summary and Conclusions
In conclusion we have developed the following novel findings in rare earth clusters.
• Pr and Tm are both magnetic with small 1 - 2.5 µB moments per atom. The atomic
moments are 3.6 µB and 7.6 µB respectively. This suggests that the arrangement of
atomic moments in the cluster is such that there is a lot of net cancellation.
• TbN and HoN show similar size dependent trends, with local minima at the same
cluster sizes and a sharp reduction in the apparent magnetic moment at around 200
K.
• The TbN clusters which have very low magnetic moments are also the ones that are





Here we state our conclusions and the outlook for future work. We have presented a series
of measurements of the electric and magnetic response of metal clusters at low tempera-
ture. Our experimental data probes cluster sizes which are large enough so that they are
intractable to be studied using quantum chemical methods like density functional theory.
To understand these experiments more sophisticated and inspired theoretical methods are
needed.
6.1 Dipole Moments and Cluster Metallicity
Our electric deflection experiments have allowed us to measure the polarizabilities and
electric dipole moments of 15 elements. These elements have different atomic structures
and thus the bonding in these clusters covers many different types. Like the bulk material,
Na clusters show metallic bonding where the valence electrons are weakly perturbed by the
ionic core potential. The valence electrons of transition metal clusters are partially derived
from atomic d orbitals and they are expected to be partially localized in directional bonds.
Inside of a finite cluster, the localization of electrons in bonds implies that their motion
is restricted, and they are thus unable to screen charge inhomogeneities. This imperfect
overlap of the centers of positive and negative charge will give the cluster a nonzero dipole
moment.
It is apparent from the experimental record that most metal clusters measured do in
fact, have small dipole moments. Na is the exceptionally perfect metal in this sense. Of the
transition metals, Co, and Fe clusters come closest to the metallic ideal.
One curious finding that is not yet understood is that the measured dipole moments tend
to scale linearly with the number of atoms, so that the dipole moment per atom is constant.
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Clusters made of different materials have different values for this constant polarization.
It would be very nice to know if this trend holds for clusters with thousands of atoms.
Obviously, in the bulk limit all of these materials are metallic conductors so the polarization
must converge to zero, but we have apparently not made contact with the bulk limit.
Another experimental finding which is highly relevant to the issue of screening and
metallicity is the effect of oxygen doping on the cluster polarizations and dipole moments.
The attachment of a single oxygen atom to the cluster surface should significantly distort
the distribution of charge inside of the cluster because of oxygen’s different electronega-
tivity. A metallic particle with mobile electrons should be able to screen this distortion. In
many cases the addition of a single oxygen atom to a metal cluster has very small or no
detectable effect on the polarizability or dipole moment. The most outstanding example
of this is MnO clusters. We have also observed many cases where oxygen has a dramatic
effect on the dipole moments (e.g. Pr and Tb clusters)
6.1.1 Importance of Odd-Even Effects
Odd-Even effects are very common in clusters. The standard explanation given [67] is that a
cluster system will distort to break every degeneracy, except for the spin degeneracy which
cannot be broken by a shape distortion. This last remaining spin degeneracy implies that the
electronic orbitals are filled in pairs, with the odd-N clusters having to fill an empty orbital
higher in energy than the highest pair. This type of explanation is plausible for the odd-
even alternation observed in the ionization potential of Na clusters where the difference
in IP between the even-N and odd-N clusters is as large as 0.1 eV. There have recently
been several observations of odd-even effects in the response of large clusters to an applied
electric fields. It is unclear whether this explanation can successfully account for these
effects.
Nb, V, and Ta clusters have anomalously large dipole moments. But their most excep-
tional property which appears at low temperature is the strong odd-even alternation of the
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dipole moment, which persists up to sizes as large as N = 120 in the case of Nb.
Our work has found that Bismuth also shows a consistent odd-even alternation in both
it’s polarizabilities and dipole moments. (It is unclear whether Bi is displaying the same
phenomenon as Nb,V, and Ta.
To make a comparison across the elements of the odd-even alternation we can plot the
second differences of the per-atom dipole moments. To illustrate the effect of gold doping
on Nb and Ta clusters we also include the comparison of the second differences for these
two systems.
6.1.2 Thulium Fluctuating Dipoles
Another issue that needs further study is the large change in the electric response of thulium
clusters with temperature. Such large changes in the response at such low temperatures
have been observed in electric deflection experiments on Sn clusters, and an explanation
based on non-rigid structures was invoked [133]. Far infrared spectroscopy, which directly
probes the vibrational modes of a cluster is a promising technique to investigate these
structures.
6.2 Rare Earth Cluster Magnetism
Praseodymium clusters were found to magnetic at room temperature where the bulk mate-
rial remains in a paramagnetic state down to 50 mK. Bulk Pr is non-magnetic because the
crystal field splits the f orbitals and quenches the atomic moment. Despite this, the per
atom magnetic moments are smaller than the atomic moments which suggests that there is
antiferromagnetic or canted arrangement of the spins.
By comparison, Tb and Ho clusters have much larger per atom magnetic moments, with
the exception of specific “magic” sizes which have much lower per atom moments.
For future work, other experimental methods should be employed to attempt to find
what is unique about these magic sizes. The ionization potentials of lanthanide clusters


































































Second Differences of Cluster Dipole Moments
Figure 6.1: Plot of the second differences in the per atom dipole moment for all of the
metal cluster systems studied in this thesis. The second difference convention comes from
the literature on Nuclear binding energies.
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Second Difference of NbAu Dipole Moments
NbN
NbN Au1

















Second Difference of TaAu Dipole Moments
TaN
TaN Au1
Figure 6.2: Second differences applied to NbNAu and TaNAu alloy clusters. The addition
of a single Au atom inverts the odd even alternation. This is shown in the graphs.
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electronic structure and the density of states.
It would also be very interesting to investigate the change in the magnetic behavior of
the lanthanide clusters as the are doped with a trivalent non-magnetic impurity like Yttrium.
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